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ABSTRACT
With the goal of developing techniques for DNA insertional mutagenesis
in zebrafish, we established procedures for rapidly obtaining and injecting large
numbers of fertilized eggs. Using either of two plasmid constructs, we injected
uncut DNA into fertilized eggs at the one- or two-cell stage. Injected eggs were
raised to sexual maturity and the frequency of transgenic founder fish
determined by pair mating them and testing DNA extracted from pools of 16-
hour embryos using PCR and subsequently Southern analysis. Eggs injected
with one of two different plasmids yielded no transgenic fish, but 7-25% (19/115
overall) of the eggs injected with the other transmitted the injected sequences to
their offspring (F1). Of nineteen lines studied further, all were able to pass the
foreign DNA sequences to the next (F2) generation. Inheritance in the F2 was
Mendelian in the seventeen lines tested. PCR and Southern analysis indicated
that the plasmid sequences were amplified. Three founder fish possessed
more than one integration event, and multiple integrations were found to occur
both in the same germline precursor cell, as well as in different precursors.
Although the plasmids injected into the embryos contained a functional lacZ
gene, of twelve lines tested, none of the transgenic offspring were found to be
XGAL-positive. Of thirteen transgenic lines tested, in only one line was RNA
detected in the offspring. The ability to obtain and inject large numbers of
zebrafish eggs combined with a high frequency of germline integration may be
steps towards the goal of being able to perform insertional mutagenesis with
this organism.
In a screen for mutant phenotypes caused by the insertion of transgenes
into the zebrafish genome, nineteen transgenic lines were bred to
homozygosity. None of the nineteen lines displayed a discernible phenotype in
the homozygous state. Homozygous adult fish were identified in each of the
nineteen transgenic lines, and all were fertile. Seventeen lines were screened
for mutations exhibiting a strict maternal phenotype, and no mutants were
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identified. Homozygous lines were generated from each of twelve transgenic
lines, and all were fertile. Cloning the sequences flanking the insertions of two
transgenic lines revealed that these transgenes had integrated into single-copy
sequences of the zebrafish genome. Analysis of one transgenic line studied
further revealed that the insertion of the transgene had occurred with very little
disruption to the host chromosome: 12 bp had been deleted from the host
chromosome, while 23 bp had been deleted from the plasmid.
In an effort to determine whether the insertion of DNA randomly into the
genome of the zebrafish is potentially mutagenic, gene trap constructs were
introduced into cultured zebrafish cells. This cell line, PAC2, is highly
transfectable and demonstrates a high efficiency of cloning. A second cell line
which was also established, HetA, is also transfectable, but these cells are not
clonable. The introduction of lacZ gene trap constructs into PAC2 cells resulted
in a very low frequency of XGAL-positive colonies. It was found that only by
using a very strong promoter or by concentrating the protein in the nucleus can
a level of lacZ expression be attained for efficient detection by the XGAL test. In
constrast, PAC2 cells are capable of activating a promoterless neomycin gene
at a frequency similar to that observed in cultured mouse cells. Analysis of the
fusion transcript of one of the neomycin resistant PAC2 clones demonstrated
that the neomycin resistance gene was activated by fusion with a gene normally
expressed in PAC2 cells. Thus, DNA is capable of integrating into expressed
zebrafish genes, indicating that random DNA integration is a feasible approach
for insertional mutagenesis in the zebrafish.
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Title: Professor of Biology
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The Ideal Organism in Which to Study Development
The search for the ideal vertebrate organism in which to study
development has led to the employment of a wide variety of animals, including
the chick, the frog, and the mouse, and more recently, the zebrafish. The ideal
organism is one in which a variety of experimental approaches can be applied
in order to overcome the limits of one particular approach. For example,
information gained from genetic analysis can complement the studies of an
embryological approach; in addition, the advancement of technology in which
the organism and its genome can be manipulated would be optimal.
The fly (Drosophila melanogaster) and the worm (Caenorhabditis
elegans) have proven to be enormously fruitful as model systems for
development. Genetic analysis in these two organisms is very powerful, owing
mostly to their short generation times and the ability to house large numbers of
the animals. In addition, both of these organisms contain a small numbers of
chromosomes, 4 in the fly and 6 in the worm, enabling one to assign rapidly the
chromosomal location of a mutation of interest. Such developments as
balancer chromosomes in the fly have also proven invaluable, as mutations can
be maintained and easily followed. The genomes of both the fly and the worm
are small, enabling the cloning of mutated genes. As both the fly and the worm
develop externally, the early embryology is accessible for observation and
manipulation.
The advantage of readily observable early development has also been
the basis for the utility of the chicken and frogs (Xenopus laevis and Rana
pipiens). The frog and chick embryos are large and develop externally,
enabling one to perform manipulations easily with only the use of a dissection
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microscope. The frog also has the capability to generate large numbers of
offspring. However, as the generation time of these organisms is quite long,
genetic analysis in these organisms is not feasible. In addition, Xenopus is
pseudo-tetraploid, which makes genetics in this organism nearly impossible.
In contrast, the mouse has a long history of genetic analysis, which has
resulted in the identification and characterization of a large number of genomic
markers conferring visible phenotypes, such as coat color and mutations
analagous to human congenic diseases (Lyon and Searle, 1989). The
generation time of the mouse is not long for a vertebrate, approximately 2-3
months, which has allowed the extensive genetic analysis. In addition, the
enormous amount of research which has been performed on the mouse has led
to advances in technology which are unrivaled in any other vertebrate, allowing
for the sophisticated manipulation of the mouse genome. Unfortunately, the
early development of the mouse occurs in utero, rendering direct observation of
the developing embryo nearly impossible. In addition, the litter size of the
mouse is rather small; on average 8 offspring can be born to a single female
every 3 weeks. Thus, it would be optimal to develop technology in a vertebrate
organism in which some of the advantages of the mouse could be combined
with those of the chick and frog.
The zebrafish (Brachydanio rerio) does combine many of the previously-
described attributes. This fish is a small tropical freshwater fish, indigenous to
the Ganges River in India. The generation time is approximately the same as
that of the mouse, 2-3 months, and the zebrafish is diploid (harboring 25
chromosomes, Endo and Ingalls, 1968), lending itself to genetic analysis. In
addition, a single female is able to generate several hundred progeny each
week, thus making available a large supply of embryos for either genetic or
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embryological analysis. The development of the embryo occurs externally, and
the embryo is large and transparent, making embryonic observations and
manipulations feasible with just the aid of a dissection microscope. Although
the zebrafish has been utilized in embryological analyses for nearly 100 years
(Morgan, 1895), it has been only recently that the potential for genetics has
been explored. Thus the sophisticated genetics and technology feasible in the
mouse will not be realized for some years. However, with the continuing
addition of researchers in the zebrafish field, a densely populated genetic map
and methods for embryonic manipulation will evolve in this organism.
The State of Technology in the Zebrafish
The zebrafish belongs to the family of bony fishes termed the teleosts.
Other members of the family in which the early development has been studied
include the killifish (Fundulus heteroclitus) and the Japanese medaka (Oryzias
latipes), in addition to larger members, including various species of the trout
and the salmon (Salmo). These fishes have been the sources for a great deal
of work involving biochemical analysis of enzymes, endocrinology studies,
assays in toxicology, and classical descriptive embryology (Fluck, 1982, Shea
and Berry, 1983, Folkers, et. al., 1984, Gielen and Goos, 1984, Hiraoka, 1984,
Place and Powers, 1984) but only recently have serious attempts been made to
manipulate the embryos in an attempt to understand the mechanisms operating
during development. In the 1980's, George Streisinger laid the foundation for
genetic analysis in the zebrafish, demonstrating that both chemicals and y-rays
could be utilized to induce mutations (Streisinger, 1981 a, Chakrabarti, et. al.,
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1983, Walker and Streisinger, 1983). Recently, similar genetic approaches
have been taken with medaka (Shima and Shimada, 1991, Kubota, et. al.,
1992). In medaka and zebrafish, transgenic technology has also become
possible (Ozato, et. al., 1986, Stuart, et. al., 1988, Stuart, et. al., 1990, Winckler,
et. al., 1992). The most successful method for introducing foreign DNA into fish
embryos has been through microinjection, as the eggs are rather large and
easily manipulated. Transient expression assays following microinjection of a
reporter gene construct have been utilized to analyze the strength of different
promoter and enhancer elements in the fish embryo (Gong, et. al., 1991,
Westerfield, et. al., 1992, Winckler, et. al., 1992). In addition, fish injected with
plasmid DNAs have been shown to integrate the exogenous DNA and pass the
sequences through the germline, thus serving as a starting point for insertional
mutagenesis (Stuart, et. al., 1988, Stuart, et. al., 1990, Sato, et. al., 1992).
As embryological analysis is possible in the zebrafish, the Kimmel
laboratory has addressed classical embryological questions in the zebrafish,
including the issues of cell fate and cell commitment. Cell fate can be assayed
by injecting individual cells with a fluorescent dye and following the migration of
the cell and its daughters to determine the array of different cell types which can
be produced (Kimmel and Law, 1985, Kimmel and Warga, 1987, Kimmel, et. al.,
1990). In addition, technological advances have made possible studies of cell
determination. Labeled individual cells or groups of cells can be transplanted
from one embryo to another in an effort to determine at what stage a cell can
change its developmental fate as a response to alterations in its environment
(Ho and Kimmel, 1993). The ability to transplant cells has also engendered a
new state of technology in the zebrafish, as the transplanted cells can contribute
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to the germline (Lin, et. al., 1992). Thus, if one can manipulate genetically
marked cells prior to transplantation and achieve germline transmission of
those cells, the results of the manipulation will be maintained in the marked
offspring derived from the transplanted cells, in much the same way that
pluripotent ES (embryonic stem) cells are utilized in the mouse. However, the
ability to maintain the cells outside of the embryo for an extended period of time
must be achieved in order to realize the full potential of the system.
Molecular biological approaches in the zebrafish have mostly
concentrated on identifying homologs of genes in other vertebrates which are
thought to be important for their development (Njolstad, et. al., 1988, Kraus, et.
al., 1991, Molven, et. al., 1991, Schulte-Merker, et. al., 1992). The state of the
zebrafish field as yet has not lent itself to the molecular identification of genes
important for the development of the zebrafish. However, the cloning of
homologs in various species allows the opportunity to examine the evolution of
the sequence of a particular gene. In addition, a comparative study of
development can be undertaken by analyzing the expression patterns of a gene
in two different organisms. By comparing the temporal and spatial expression
pattern of a gene in the zebrafish with the expression observed in the mouse,
for instance, differences in the mechanisms of development between the two
organisms may be inferred. However, unless one knows exactly where the
activity of the gene is required, the information derived from the expression
pattern of the gene may not be representative of the gene function. Without a
system of genetics, one is forced to rely on epigenetic experiments employed in
the frog and the chick, such as the use of anitsense technology, antibody
blocking experiments, and dominant-negative forms of proteins (Vize, et. al.,
1991). These experiments are designed to block the activity of a specific
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molecule, either the RNA or the protein function. However, one disadvantage to
experiments of this type is that they are transient assays and may be present in
just a subset of the cells of the embryo, which complicates the analysis of the
phenocopy. In addition, one can never be absolutely sure that in these
particular experiments the function of only the molecule of interest is inactivated.
However, in an organism in which genetic analysis is not possible, these
dominant blocking experiments must suffice. Fortunately, the zebrafish is
amenable to genetic analysis, and it is currently being pursued in a number of
laboratories.
Chemical Mutagenesis Screens
Genetic analysis in the fly and the worm have relied on the use of
chemicals or X-rays or y-rays as a means to induce mutations (Brenner, 1974,
Roberts, 1974, Nusslein-Volhard, et. al., 1984). Chemicals, such as ENU (N-
ethyl-N-nitrosourea) or EMS (ethylmethanesulfonate) can be used to induce
point mutations, useful for generating multiple mutations in a single gene,
allowing one to generate multiple alleles with varying phenotypes, due to the
potential for partial or complete inactivation of the protein product. The
chemical chlorambucil (Russell, et. al., 1989), as well as X-rays and y-rays
induce deletions in the genome. This kind of analysis is useful for generating
deficiencies spanning various regions of the genome. One application of
deficiency chromosomes is to assay whether a mutation of interest results in a
complete inactivation of the gene. This can be determined by crossing the
mutation into a deficiency strain and comparing the phenotype with that of the
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mutation in the homozygous state. Deletions can also be useful in the cloning
of a mutated gene, by limiting the breakpoint of the chromosome, thereby
localizing the gene to a particular region. In addition, deletion mutations can be
utilized to determine the number of essential genes in the vicinity of a particular
locus.
The chemical EMS has been used extensively to mutagenize the C.
elegans. genome (Brenner, 1974). The excellent genetics of this system allows
for the efficient genetic mapping of a mutation of interest. In addition, the small
genome size of C. elegans, 8 x 10 7 bp (Kenyon, 1988), has enabled the
majority of the genome to have already been cloned onto contigs, thus
facilitating the rapid cloning of almost any gene whose function has been
disrupted by a point mutation.
In Drosophila, the use of chemicals has been used on a large scale to
saturate the genome for mutations in every gene required for embryonic
development (Jurgens, et. al., 1984, Nusslein-Volhard, et. al., 1984, Wieschaus,
et. al., 1984). The size of the Drosophila genome is approximately 1.6 x 108 bp
(Rubin, 1988), a bit larger than that of the worm. However, with the very
powerful genetics of the fly, cloning a gene whose function has been mutated
by a point mutation is feasible. The saturation mutagenesis screen in the fly has
revealed that there are approximately 5,000 essential genes in the fly.
However, the expression in the embryo of only about 1000 of those genes is
required for the animal to survive the embryonic stages of development
(Wieschaus, et. al., 1984). Of those 1000 genes, approximately 100 genes
when mutated result in a visible defects in the cuticle. These pattern-formation
genes, which organize the body plan of the animal, have been shown to be
some of the definitive genes responsible for the early development of the fly.
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The genetic and subsequent molecular analyses of these genes have revealed
much about how the body plan of the animal is organized and how particular
molecules are able to carry out the complicated task of generating a
recognizable multicellular animal from a single cell.
As the saturation screen for embryonic lethal mutations in Drosophila
yielded the enormous amount of information regarding the development of the
fly, it is predicted that a screen of the zebrafish genome may be equally
informative. Saturation mutagenesis screens in the zebrafish are currently
underway in two laboratories, those of Wolfgang Driever and Christiane
Nusslein-Volhard. The mutagenesis screen will enable them to estimate the
number of essential genes in the zebrafish. A pilot mutagenesis screen has
revealed 100 recessive embryonic lethal mutations; thus approximately 600
genes are required for the fish to complete embryogenesis (Mullins, et. al.,
1994). This number is not significantly different from the number of embryonic
lethal mutations in the fly. The completed mutagenesis screen in the zebrafish
will provide the field with enormous amounts of information about the
mechanisms utilized by the zebrafish to complete development. However, at
this time, because the genome is so poorly characterized, it will be almost
impossible to clone a zebrafish gene based solely on its phenotype.
In the mouse, classical genetic analysis has been almost exclusively
limited to spontaneous mutations which confer visible phenotypes to the mouse,
such as pigment markers and mutations resulting in neurological abnormalities
(Lyon and Searle, 1989). Spontaneous or chemically-induced recessive
mutations resulting in embryonic lethality are more difficult to identify, as the
development of the mouse occurs in utero. The embryonic death of 25% of the
offspring in a random mating is not easily identified, as the only indication of an
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embryonic mutant phenotype would be a slightly smaller litter size, which would
be within the normal variance of the sizes of mouse litters. Consequently, a
saturation screen of the entire mouse genome is not feasible. Saturation
screens are possible, however, in cases where the potentially mutant
chromosomes can be marked, thus allowing for the identification of a lack of
homozygotes.
One region of the mouse genome which has been extensively
mutagenized to saturation is the 9 cM region surrounding the albino locus on
mouse chromosome 7. The initial approach took advantage of the large
numbers of chromosomal deletions spanning the albino locus. Upon
intercrossing deletions which uncovered different regions of the chromsome,
five embryonic lethal complementation groups and one juvenile lethal gene
were identified in this region (Niswander, 1988). Subsequently, a more
extensive analysis was undertaken by mutagenizing a chromosome bearing the
albino mutation and crossing the mutated chromosome into a mouse carrying a
deletion of the region. The hemizygous mice were assayed for survival, and
consequently an additional five embryonic lethal complementation groups were
discovered in the region (Rinchik, 1991). Thus, in this 6-7 cM of DNA
(approximately .4% of the mouse genome), 11 lethal mutations were
discovered. This scale of mutagenesis in the mouse can only be carried out in
regions closely surrounding visible genes such as pigment markers, which
when in the homozygous state do not impair the animal's survival or fertility.
Another region of the mouse genome which can be mutated to saturation
is the t region of mouse chromosome 17. The t region of the mouse includes
approximately 12 cM of DNA which contains the T (Brachyury) gene, as well as
a number of other loci, including the major histocompatability group (MHC)
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genes (Silver, 1985). Altered versions of the t region exist, termed t haplotypes.
These t haplotypes frequently contain lethal mutations as well as several
inversions of the wild-type sequences. Thus, recombination during meiosis
between the t-haplotype region and the wild-type chromosome is suppressed
(Dunn, 1945). This region, thus, is effectively similar to the balancer
chromosomes of Drosophila and serves as a method to mark chromosomes to
identify the loss of embryos of a particular genotype. A partial screen (14% of
saturation) of the t region has been undertaken, and 11 prenatal lethal
mutations were identified, suggesting that approximately 80 essential genes are
present in the region (Shedlovsky, et. al., 1986). The t region constitutes
approximately .75% of the mouse genome; thus if the density of genes within
the t region is indicative of the rest of the mouse genome, a total of
approximately 10,000 genes are estimated to be essential in the mouse.
Interestingly, this estimate of 10,000 essential genes in the mouse is
similar to previous estimates from entirely different analyses. In one study,
animals were subjected to radiation, the mutagenized chromosomes were bred
to homozygosity, and the sizes of the litters were examined. By estimating the
mutation rate and the frequency of small litters, Carter concluded that
approximately 5000 - 10,000 essential genes were functioning in the mouse
(Carter, 1957).
In a much more labor-intensive experiment, Lyon estimated the number
of essential genes in the mouse by examining the rate of spontaneous lethal
mutations in inbred mice. Pregnant mothers were opened between day 13.5 -
15 of gestation, and the numbers of live pups were counted, as well as the
number of corpus lutea. After counting the embryos of thousands of litters, Lyon
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estimated that the number of essential genes in the mouse was approximately
10,000 (Lyon, 1959).
Although genetic analysis is possible in the mouse, mutations resulting in
an embryonic phenotype cannot easily be identified and characterized unless
they are tagged, by being linked to a visible or molecular marker. Thus, a
number of laboratories have chosen to employ homologous recombination in
an effort to generate mutations in embryogenesis (Capecchi, 1989). This
approach directs a disruption to any cloned gene of interest, and enables a
functional analysis in vivo. The molecular tag on the disrupted gene allows for
the genotyping of the animals, thus enabling embryological examination of a
phenotype resulting from the disruption of the gene. This particular approach
has proven to be very valuable in analyzing the requirements in the mouse for a
large number of genes which had only previously been identified by their
oncogenic potential or by homology to developmentally-important genes in
other organisms (McMahon, et. al., 1990, Lee, et. al., 1992, Stanton, et. al.,
1992). While homologous recombination is a very powerful technique, it is
limited to genes already identified and cloned, which comprise only a fraction of
the total number of genes in the mouse. Thus, it is optimal to combine the
approaches of forward and reverse genetics in an effort to gain a more
complete understanding of development.
Although the number of molecular markers of the mouse genome is
increasing, a genetic marker and a molecular tag may be megabases apart,
making the identification of the gene arduous. Thus, the most rapid method for
cloning mutated genes is by generating mutations with insertions of exogenous
DNA.
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Insertional Mutagenesis
Random DNA Insertion
The insertion of a piece of exogenous DNA into the genome has the
potential to disrupt the normal expression of an essential gene. One of the most
direct methods for introducing chromosomal insertions is by delivering the DNA
directly into the cell. Microinjection of foreign DNA into the pronucleus of the
newly-fertilized embryo has been an extremely successful method for
generating transgenic mice; on average 25% of injected embryos integrate the
sequences into the genome (Palmiter and Brinster, 1986). Because the first
cleavage of the mouse embryo does not occur until approximately 24 hours
after fertilization, the microinjected DNA generally integrates at the one cell
stage. Thus, a large percentage of transgenic mice are not mosaic (Palmiter
and Brinster, 1986). Transgenic mice which carry the foreign sequences in the
germline can be efficiently generated, and this technology affords one the
potential to study the ectopic expression of an introduced gene as well as the
possibility that the insertion may disrupt the function of an essential gene.
Upon inbreeding transgenic lines, it was discovered that in a proportion
of the lines mice which were homozygous for the transgene were either not
born or were abnormal. Less frequently, dominant phenotypes were closely
linked to the insertion. Table 1 lists many of the mutations which have resulted
from the insertion of exogenous DNA in the mouse. On average, approximately
10% of all transgenic insertions results in a discernible phenotype (Palmiter and
Brinster, 1986, Gridley, et. al., 1987, Meisler, 1992). Most of the mutations are
recessive, although several dominant mutations have been recovered.
Interestingly, almost half of the mutations result in either embryonic lethality or
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Table 1. Insertional Mutants Generated by Random DNA Integration in the
Mouse
PhenotvDe Analysis of locus Cloned? Reference
Recessive phenotyvDes:
Mutations in novel genes:
HUGH/3 EL (d4-5)
line4
HUGH/4
R197
BS12
Tg 9 (HSA-myc)
CV4
HE46
EL (d5)
EL (d6)
EL (d6.5)
>10kb deletion
-5kb insertion
-22kb deletion
insertion
Wagner (1983)
Mark (1992)
Wagner (1983)
Tan (1991)
Costantini (1989)
Tutois (1991)
EL
(preimplantation)
EL
(preimplantation)
EL
(premid-gestation)
EL (d4.5-d10)
Shani (1986)
Costantini (1989)
IHf-58 EL (d10)
perinatal PL
Ilethality
inversion of inversus/F
emb turning
germ cell sterile
deficient
symplastic male steril,
spermatids
A E24 sperm par,
acrodysplasia limb defon
RSV-CAT fused toe.
Strain
(continued on the next page)
2-3 kb deletion
eL
e
yes
>10kb deletion
alysis
nity
Radice (1991)
Lee (1992)
Beier (1989)
Yokoyama (1993)
Pellas (1991)
MacGregor (1990)
Merlino (1991)
DeLoia (1990)
Overbeek (1986)
24
Line
s
Table 1. (con't)
Line Phenotype
Recessive phenotypes:
Analysis of locus Cloned? Reference
Mutations in novel
chakragati
motor neuron
disease 2
twitcher
BPFD #36
genes:
circling
behavior
degeneration
of nervous system
tremors
neuromuscular
disorder
280 kb deletion Ratty (1990)
Ratty (1992)
Meisler (1992)
Jensen (1989)
Kelly (1994)
New alleles of previously known genes:
legless inversus/PL
hotfoot sterile
motor dysfunction
purkinje cell loss of purkinje
degeneration cells/partial sterility
dystonia nervous system
musculorum degeneration
rostral cerebellar cerebellar
malformations defect
more than 1
gene disrupted
yes? McNeish (1988)
Gordon (1990)
Krulewski (1989)
Kothary (1988)
Meisler (1992)
microphthalmia
pygmy
downless
hairless
limb deformity
add
small size
thin/shiny coat
deformed
limbs
deformed limb
240kb deletion
29 kb deletion
11kb deletion
1.5kb deletion
1bp deletion
large insertion
yes
Krakowsky (1993)
Xiang (1990)
Shawlot (1989)
Jones (1993)
Woychik (1985);
Vogt (1992)
Pohl (1990)
(continued on the next page)
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Table 1. (con't)
Line Phenotype
Dominant henotvyes:
Analysis of locus Cloned?
Mutations in novel genes:
Lvs male sterile
Wocko inner ear
homozygous EL
Magram (1991)
Crenshaw (1991)
New alleles of previously known genes:
microtia branchial arch
anemia/sterile
homozygous EL
yes*
Otani (1991)
Meisler (1992)
Keller (1990)
Mutation resulting from ectopic expression of transgene::
Myk-103 transmission 5kb duplication
distortion + insertion
Wilkie&Palmiter (1987)
EL embryonic lethal (time of death in parentheses)
PL perinatal/postnatal lethal
* - the Steel gene was cloned independently of the insertional mutation
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Twirler
Steel
death shortly after birth. In addition, a large fraction of the insertions result in
sterility. However, at least one phenotype associated with the insertion of
exogenous DNA is not due to the inactivation of an endogenous gene, but
results from the inappropriate expression of the foreign gene contained in the
transgenic sequences. The Myk-103 transgene, exhibits a male transmission
distortion phenotype (Wilkie and Palmiter, 1987). The males are fertile but
never transmit the transgenic sequences to the offspring. The use of closely
linked markers have demonstrated that the transgenic chromosome can be
passed to the offspring only if the transgene is deleted by intrachromosomal
recombination. The transgenic DNA in this line contains the functional HSV-tk
gene, and expression of the thymidine kinase in the sperm is believed to cause
infertility of the sperm (Wilkie, et. al, 1991). It is not known whether any other
insertional mutants thus far characterized result from factors associated solely
with the transgenic sequences, but a phenotype such as that seen in the Myk-
103 transgenic line would most likely be a dominant mutation, while an
insertional mutant usually results in a recessive phenotype.
Transgenic insertions have been found on every chromosome, including
the X and Y chromosomes (Palmiter and Brinster, 1986). Although integrations
appear to occur randomly in the genome, there is some evidence for hot spots
of integration. The limb deformity gene has been interrupted by two
independent transgenic insertions; in addition, three spontaneous mutations
have been recovered in this gene (Vogt, et. al., 1992). Interestingly, one
spontaneous deletion mutation and one of the transgenic insertions contained
the same 11 kb deletion. An additional spontaneous allele of the limb deformity
gene showed rearrangements encompassing the same region (Vogt, et. al.,
1992). A second locus, identified by the Myk-103 transgene, appears to
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undergo recombination at a high frequency, observed by the detectable number
of offspring which inherit the rearranged form of the transgenic chromosome
(Wilkie, et. al., 1991). Thus, it appears as if the DNA sequences around the limb
deformity and Myk-103 loci are fragile or are subject to illegitimate
recombination. These results support the hypothesis that the integration of
exogenous DNA occurs at the random breaks in the chromosome (Brinster, et.
al., 1985).
In addition to the insertions disrupting the limb deformity gene, a number
of other transgenic insertions have resulted in phenotypes which do not
complement the mutations in previously known genes (Table 1). These
insertions, thus, provide the opportunity to characterize molecularly these
classical mouse mutations. Unfortunately, of the 36 insertions resulting in
mutant phenotypes, in only three have transcripts which represent the disrupted
gene been identified. These include the limb deformity gene, which has
defined a class of genes called the formins (Woychik, et. al., 1990) and the H3-5
mutation, the gene function of which is unknown (Lee, et. al., 1992). A third
mutation, legless, does not complement the mouse mutation, situs inversus
viscerum (iv), suggesting that the two mutations are allelic (Singh, et. al., 1991).
A transcript which may represent the iv gene has been cloned utilizing the
molecular tag of the legless insertion (Singh, et, al., 1991). However, in
addition to the situs inversus phenotype of iv, the legless mutation exhibits
perinatal lethality with craniofacial, limb, and brain deformities. These data
suggest that the legless mutation has disupted at least two genes: the iv locus
and a second gene responsible for the perinatal lethality (Singh, et. al., 1991).
The finding that the legless mutation disrupted more than one gene
suggests the possibility that a deletion may accompany the insertion in this
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transgenic line. Deletions have also been found at the sites of other transgenic
insertions (Table 1), and frequently the transgenic loci contain insertions of
fragments of mouse DNA which are derived from elsewhere in the genome
(Covarrubias, et. al., 1986, Wilkie, et. al., 1991, Mark, et. al., 1992, Ratty, et. al.,
1992). Translocations have also been observed at the sites of transgene
insertions (Mahon, 1988, Francke, 1992). The presence of chromosomal
abnormalities such as these makes it very difficult to identify a transcript which
has been disrupted upon insertion of a transgene; if a large deletion or a
translocation disrupts more than one gene, it is difficult to determine which of
the several genes inactivated is responsible for the phenotype. Of the
insertional mutants from which the disrupted gene has been sought, many
contain large deletions (Covarrubias, et. al., 1986, Shawlot, et. al., 1989, Mark,
et. al., 1992, Ratty, et. al., 1992). The only transcripts to be thus far definitively
identified as the mutated genes were cloned from transgenic lines in which the
insertion site was not highly dirupted, the limb deformity insertion (1.5 kb
deletion) and the H13-58 insertion (2-3 kb deletion). Chromosomal
rearrangments resulting in the disruption of more than one gene also may
compound the phenotype, as is observed in the legless mutation, making
genetic analysis of the mutation much more difficult to resolve.
Although the genomic loci of transgenic mice which do not result in a
mutant phenotype have not been as closely examined as those which exhibit
mutations, two transgenic lines not showing mutant phenotypes, HUGH/5 and
HUGH/6 have been mapped. In these transgenic lines, insertions of mouse
DNA have been detected within the transgenic sequences (Wagner, et. al.,
1983). In addition, Southern analysis of a number of nonmutant transgenic
lines has revealed a large number of potential junction fragments, suggesting
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that rearrangements in these lines exist as well (Brinster, et. al., 1981, Palmiter,
et. al., 1982, Shani, et. al., 1986). A more precise molecular analysis will be
necessary to determine how extensive the putative rearrangements are in the
nonmutant transgenic lines.
Such an extensive analysis has been carried out in cultured cells at the
insertion sites of plasmid DNA introduced by transfection, as well as at the loci
of SV40 integration following infection (Robins, D. M., et. al., 1981, Kato, et. al.,
1986, Williams and Fried, 1986, Hacker and Fluck, 1989). Molecular
characterization of the junction fragments at insertion sites in cultured cells has
revealed that chromosomal rearrangements occur upon integration of
exogenous DNA in cultured cells, as they do in the embryo. Thus,
chromosomal abnormalities which are observed at the sites of random
integration of DNA in the mouse may reflect a general mechanism of the
insertion and repair of DNA in the mouse genome. The greater difficulty of
cloning the genes disrupted by random DNA integration in the mouse makes
generating mutations using this method much less attractive as an approach to
insertional mutagenesis.
Insertion Systems
As a result, alternative approaches for generating mutations in the
mouse, as well as in other organisms, has been developed. One such
approach utilizes insertion systems. Naturally-occurring transposable elements
exist in most organisms which have been examined, although few have been
sufficiently studied and manipulated to be useful as a tool for mutagenesis.
Some of these include the Tn10 transposons in bacteria (Morisato and
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Kleckner, 1987), P element in Drosophila (Engels, 1988), and the retroviruses
in the mouse (Varmus, 1988).
P elements were first described upon inbreeding two strains of
Drosophila, the P strain, which contained the "P element" and the M strain,
which lacked the element. Hybrid dysgenesis occurred following the mating of
a P male with a M female, in which a large proportion of the F1 offspring were
either sterile or produced F2 offspring which exhibited mutant phenotypes at a
high frequency (Engels, 1979). It was subsequently discovered that the P
element expressed a repressor which prevented the transposition of the
element in the P strain, but upon sperm entry into the cytoplasmic environment
which lacked the repressor, the P element was no longer repressed and
consequently transposed promiscuously (Bingham, et. al., 1982). Identification
of the molecular nature of the P element has allowed the cloning of genes
which have been mutated by the insertion of a P element (Mlodzik, et. al., 1990,
Newby, et. al., 1993) Thus, this system is a very attractive one in which to
undertake insertional mutagenesis.
A more complete characterization of the P element has allowed the use
of the element as a means for delivering foreign sequences to the Drosophila
genome (Goldberg, et,. al., 1983, Spradling and Rubin, 1983). In addition,
enhancer trap P elements have been developed (Bellen, et. al., 1989, Wilson,
etl, al., 1989). This approach relies on a reporter gene, such as lacZ, under the
control of a minimal promoter, which alone is insufficient to drive lacZ
expression. However, insertion of the element close to an endogenous
enhancer results in expression of the reporter in a manner directed by the
enhancer. This system allows for the screening of temporally- and spatially-
restricted patterns of lacZ expression, thereby "trapping" enhancer elements of
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the Drosophila genome. Thus, the endogenous genes which are expressed in
patterns of interest can then be identified. Enhancer trap lines can also result in
mutations in the homozygous state, allowing for genetic analysis of potentially
interesting genes (Grossniklaus, et. al., 1992, Kretzschmar, et. al., 1992).
The introduction of the P element DNA into mouse cells by microinjection
results in the integration of the sequences without transposition (Khillan, et. al.,
1985). However, the inclusion of the purified transposase enzyme with the P
element DNA allows transposition to occur in vitro (Kaufman and Rio, 1992).
Thus, it is possible that P elements could be utilized as a means for insertional
mutagenesis in a heterologous organism.
In the mouse, a number of mutations have been found to be the result of
the integration of an endogenous retroviruses (Copeland, et. al., 1983a,
Copeland, et. al., 1983b, Stoye, et. al., 1988). Such mutations can arise
through a mechanism similar to hybrid dysgenesis of P elements. The
intercross of two strains, such as the SWR/J and RF/J, result in the integration of
new proviruses into the germline of the F1 offspring by activation of a subset of
the ecotropic viruses (Spence, et. al., 1989). Alternatively, new viral integrants
can be achieved by infection of preimplantation embryos (Jaenisch, et. al.,
1983, Weiher, et. al., 1990). Some of the mutations induced by retroviral
integration are shown in Table 2. In contrast to the mutations induced by
random DNA integration, genes disrupted by retroviral insertion have proven
much more amenable to cloning, most likely because the insertion of a
retrovirus occurs without disruption to the genome. Just a 4-6 bp duplication of
host sequences is produced upon insertion of the provirus (Weiss, et. al., 1985).
Thus, a retrovirus or other enzymatically-driven insertion system would be
optimal in the application of insertional mutagenesis.
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Table 2. Insertional Mutants Generated by Retroviral Insertions in the Mouse
Line Cloned? Reference
Infection:
Mov-13
Mov-34
Mpv-17
413.d
Endogenous virus insertion:
srev-5
dilute
hairless
lethal yellow
EL (d12)
EL (d6)
PL
EL (d8.5)
EL
EL
coat color
hair defect
coat color (dom)
EL (recessive)
yes
yes
yes
yes
yes
yes
Jaenisch (1983)
Soriano (1987)
Weiher (1990)
Robertson (1991)
lannaccone (1992)
Spence (1989)
Copeland (1983a)
Mercer (1991)
Stoye (1988)
Copeland (1983b)
Miller (1993)
EL embryonic lethal (time of death in parentheses)
PL perinatal/postnatal lethal
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However, with the reduced disruption to the genome upon retroviral
integration, a slightly lower frequency of mutagenesis is also observed when
compared with the frequency of mutants as a result of random DNA insertions.
Approximately 5% of all retroviral insertions results in a mutant phenotype
(Palmiter and Brinster, 1986, Gridley, et. al., 1987, Spence, et. al., 1989, and
Weiher, et. al., 1990). If the only difference between retroviral and random DNA
insertions were the result of the impact on the genome, one would expect a
much larger difference in the frequency of mutagenesis between the two
approaches. However, the integration of retroviruses may not be entirely
random. Analysis of retroviral integration sites has suggested that the provirus
prefers to integrate at regions of the genome which are hypersensitive to
DNasel (Vijaya, et. al., 1986, Rohdewohld, et. al., 1987). These hypersensitivity
sites indicate the availability of the chromosomal DNA to the enzyme and are
frequently found at the 5' regions of actively expressed genes (Elgin, 1988).
Thus, if the retrovirus preferentially integrates into active regions of chromatin, a
higher percentage of mutations would result than if the integrations were
entirely random.
In addition, there is evidence that the insertion of retroviruses affects the
sequences other than just those nucleotides into which it inserts. For example,
two insertional mutants, dilute and hairless, were discovered to be caused by
the insertion of an endogenous retrovirus (Jenkins, et. al., 1981, Stoye, et. al.,
1988). Revertants of both of these mutations were also recovered, and in both
cases, excision of the virus restored the wild-type phenotype. However, in both
cases, the excision event occurred by homologous recombination between the
long terminal repeats (LTR's), leaving one LTR behind (Copeland, et. al.,
1983a, Stoye, et. al., 1988). Thus, the act of insertion was not responsible for
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the disruption of gene function; the site of the retroviral integration was in fact
several kb away from the coding sequences of the dilute gene (Copeland, et.
al., 1983a, Strobel, et. al., 1990). These results suggest that a retrovirus can
affect sequences distal from the site of insertion, and may increase the potential
for mutagenesis.
As murine retroviruses are well-understood and have been efficient as
agents for insertional mutagenesis in the mouse, it is of great interest to develop
murine retroviruses for use in other organisms, such as the zebrafish. Most
retroviruses used in the mouse are ecotropic; they express a viral envelope
protein which binds to a receptor present just on mouse and rat cells, excluding
the possibility that they can infect other cells, such as human cells . However,
the viruses can be grown in cell lines which express a retroviral envelope
protein recognizing a receptor present on a wide variety of cell types, allowing
viral entry into a wide range of organisms (Miller, et. al., 1985, Markowitz, et. al,
1988). Alternatively, a recently-described pseudotype virus has been
developed. This virus contains the retroviral genome and the vesicular
stomatitis virus envelope protein, which enters cells by binding to a
phospholipid present in membranes, followed by membrane fusion, thus
allowing the entry of the virus into almost every cell type thus far examined
(Mastromarino, et. al., 1987, Marsh, et. al., 1989). Alternatively, one can
circumvent viral entry by injecting retroviral core particles. These core particles
contain the newly-replicated DNA with the core and integrase proteins and
have been shown to integrate into DNA in vitro (Brown, et. al., 1987). The use
of retroviruses as a method for generating insertional mutants in the zebrafish
would most likely rely on the development of a germ cell precursor culture
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system, as the integration of retroviruses occurs over a process of several
hours. Thus, in an early zebrafish embryo undergoing cleavages every 20
minutes, a single retroviral integration would not occur rapidly enough to avoid
a high degree of mosaicism and a low probability of the insertion entering the
germline.
The murine retroviruses have been well-characterized for use in
insertional mutagenesis in the mouse. Recent advances in the field have
combined a number of technologies in the mouse to produce what may be a
very powerful method for mutagenesis. One approach is to infect mouse
embryonic stem cells with a retroviral vector which contains a promoterless
reporter gene in the 5' region of the virus (von Melchner, et. al., 1989, von
Melchner, et. al., 1990, Reddy, et. al., 1991). The infected cells can be screened
-for those expressing the reporter, presumably by the integration of the virus into
active genes. Subsequently, the ES cell clones of interest can be injected into
Ihost blastocysts to generate chimeric animals which can pass the insertion
through the germline. An alternative to the use of retroviruses as a means of
delivering the DNA is to introduce gene trap DNA constucts into ES cells prior to
the screen for integrations into active genes (Gossler, et. al., 1989, Friedrich and
Soriano, 1991). Preliminary results indicate that as expected, a very high
frequency of mutagenesis is achieved when a prescreen for insertions into
active genes is undertaken. Studies by von Melchner, et. al., and Reddy, et. al.,
have shown with the use of several different viruses that 63% of integrations
(5/8) when bred to homozygosity resulted in mutant phenotypes (Reddy, et. al,
11992, von Melchner, et. al., 1992). With the use of gene trap DNA constructs,
41% (11/27) of prescreened ES cell clones gave rise to mice displaying
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mutants in the homozygous state (Friedrich and Soriano, 1991, Skarnes, et. al.,
1992).
At the time the work described in this thesis was begun, only one
laboratory had succeeded in generating germline transgenic zebrafish. In one
study by Stuart, et. al., linear plasmid DNA encoding the SV-hygro gene was
injected into fertilized zebrafish eggs at the one-cell stage. Only 1/20 injected
fish contained the plasmid sequences in the fin, and only 1/20 of the fin-positive
fish transmitted the sequences through the germline (Stuart, et. al. 1988). A
subsequent study by the same group injected a supercoiled form of the RSV-
CAT gene into zebrafish eggs. In these studies, they relied on CAT expression
in the offspring, and they identified four fish (of 87 injected) in which CAT activity
was detected in the offspring (Stuart, et. al. 1990). These studies laid the
groundwork for the work described in this thesis. In an effort to apply insertional
mutagenesis in the zebrafish, a high frequency of germline transmission is
optimal; thus the first goal was to attempt to improve on previous results.
Additionally, it was of interest to us to attempt to utilize gene traps as an
approach to insertional mutagenesis in the zebrafish, as this approach had
been shown to increase the frequency of mutants recovered in the mouse.
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Chapter 2
High Frequency Germ-line Transmission of Plasmid DNA
Sequences Injected into Fertilized Zebrafish Eggs
Much of the work described in this chapter has been published in the following
paper:
Culp, P., Nusslein-Volhard, C., Hopkins, N. (1991)
High-frequency germ-line transmission of plasmid DNA sequences
injected into fertilized zebrafish eggs.
Proceedings of the National Academy of Sciences, USA. 88:7953-7957.
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Introduction
Following the pioneering work of Streisinger and his colleagues, a
number of labs are working to develop the zebrafish as a vertebrate system for
genetic analysis (Streisinger, et. al., 1981b, Streisinger, et. al., 1986, Kimmel
and Warga, 1988). The organism is particularly attractive for this purpose
because females can produce a large number of eggs, early development is
rapid (gastrulation is at 5 hours, somites form between 10-20 hours), the
embryo is transparent throughout the early developmental processes, and the
early stages of development can occur in haploid embryos (Morgan, 1895,
Roosen-Runge, 1938, Hisaoka and Firlit, 1960, Westerfield, 1989. These
attributes, combined with the fact that the generation time is only 60-70 days
and that one can raise large numbers of fish in a relatively small space, suggest
that it might be possible to conduct genetic screens of mutagenized populations
of zebrafish and thus to identify novel genes that regulate developmental
processes in vertebrates (Roosen-Runge, 1938, Hisaoka and Firlit, 1960,
Westerfield, 1989).
While conditions have been established for performing gamma ray and
chemical mutagenesis with zebrafish (Streisinger, 1981a, Chakrabarti, et. al.,
1983, Walker and Streisinger, 1983, Mullins, et. al., 1994), at present these
approaches do not lend themselves to subsequent cloning of the mutated
genes. For this reason it would be desirable to be able to mutagenize fish by
DNA insertion, thus providing a hybridization tag for the mutated genes. When
the work here described was begun, it had been shown that it was possible to
obtain transgenic zebrafish by injecting plasmid DNA into fertilized fish eggs
(Stuart, et. al., 1988, Stuart, et. al., 1990). Thus, we began by attempting to
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repeat and extend this work. The studies described in this chapter include the
published report of our work as well as some additional data, expanded from
the original work. We report success in rapidly obtaining large numbers of eggs
for injection and a high frequency of germline transmission of an injected
plasmid DNA sequence into fertilized zebrafish embryos.
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Materials and Methods
Fish maintenance and egg collections. Fish were raised and maintained on a
light-dark cycle essentially as described in The Zebrafish Book (Westerfield,
1989). Injection experiments 1, 2, 4, and 5 were begun at the Max Planck
Institute in Tubingen, Germany. Founder fish identified in initial screens were
taken to Cambridge, Mass., where F1 and F2 fish were generated, raised and
tested. Experiment 3 was performed in Cambridge. In Germany fish were
maintained on charcoal filtered tap water, in Cambridge they were maintained
on reverse osmosis purified water to which Instant Ocean salts were added (50
mg/I). All fish used were bred in the laboratory from stocks obtained originally
from pet stores in Bombay and Tubingen.
Eggs for injection were usually obtained by mixing 10-25 6-12 month old
fish, in a ratio of two females to one male, in a 15 gal tank at least one day
before eggs were needed. Mating occurred in the morning shortly after the
lights came on. Eggs were usually collected by placing a nuptial chamber in
the tank for 10 minutes. This device is a plastic box, approximately 3"x6", with a
slightly shallower, snugly fitting inner box whose bottom has been removed and
replaced with a stainless steel mesh to allow eggs to drop through and be
caught in the outer box. On some days the fish did not lay any eggs, however,
85% of the time (recorded on 21 days during one 35 day period) about 100 to
1000 eggs were obtained in ten minutes. The average was approximately 450
eggs in 10 minutes.
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Dechorionation by pronase and microiniection. Procedures were essentially as
described in Stuart, et. al., 1988 and Stuart, et. al., 1990. Self digested pronase
at 0.5 mg/ml was used to remove chorions. The reaction was stopped by
removing as much of the pronase as possible, then pouring the eggs into water
and decanting 3-4 times with several hundred ml each time. DNA to be injected
was mixed with fluorescein dextran (12%) and phenol red (2%) and injected at
50 g/ml in 0.1 M KCI (experiments 1-3). In experiments 4 and 5 the fluorescein
dextran-phenol red solution was diluted 20 fold and DNA concentration was 25-
35 ug/ml, since this condition was found to result in greater transient gene
expression from injected plasmids. For injection, dechorionated eggs were
pipetted onto an agarose ramp formed by resting a wide glass slide in the lid of
a 60 mm petri dish containing about 15 ml of molten 1% agarose. Removing
the slide left a ramp terminating in a groove. Eggs rolled down the ramp and
lined up in the groove where the majority could be injected into the cytoplasm
above the yolk at the one- or two- cell stage. Injections were performed under a
dissecting microscope.
Detecting transagenic fish by PCR and Southern blotting. DNA was extracted
from pools of 50 to several hundred embryos (obtained from mating a single
pair of fish) at 16 hours of development by lysing in 10mM Tris pH 8.0, 10mM
EDTA, 100mM NaCI, .4% SDS, .5mg/ml pronase at 42° C for 12 hours.
Following phenol extraction and ethanol precipitation, the DNA was
resuspended in water. Approximately 1 g of DNA was used in a PCR reaction
modified from Zimmer and Gruss, 1989: 67 mM Tris pH 8.8, 16.6 mM (NH4)
2S04, 10 mM 13-Mercaptoethanol, 170 gg/ml BSA, 2 mM MgCI2, .2 M each
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PCR primer, 800 !M dNTPs, 2.5 U Taq DNA Polymerase (Pharmacia). The
reaction was carried out at 940C 30 sec., 60°C 1 min, 720C 2 min. for 35 cycles
with a 1 min initial 940°C denaturation step, and a 10 min. final 72°C elongation
step. The primers within the lac Z gene used in the initial screening (PC25 and
PC26 in Figure 1) were kindly provided by David Stott (who originally described
them as BG2C and BG3C.) These primers generated a PCR product of 196 bp.
The second pair of primers (PC28 and PC26 in Figure 1), with the 5' primer in
the RSV LTR, generated a product of approximately 1.2 kb. The ZF21 primers,
PC23 (5'-GAACTAGCAGCAGCGCTATGAAC-3') and PC24 (5'-
ATGTAGTTTCCTCATCCAAGGG-3'), generated a product of 496 bp. For
Southern analysis, approximately 10 !gg of DNA was digested with the
appropriate restriction enzymes (New England Biolabs) for 16 hours and
loaded on a .7% agarose gel, electrophoresed, then transferred to
Nitrocellulose (Schleicher & Schuell) according to standard procedures
(Sambrook, et. al., 1989). Hybridizations were carried out at 42°C in a 50%
formamide solution for 16 hours in the presence of 1 xl 06 cpm/ml of probe
labeled with 32P-dATP by the random priming method (Feinberg and
Vogelstein, 1983). The probes were derived from the lacZ region of pRSV-Pgal,
generated using the primers PC17 and PC18 (Figure 1) The blots were
washed with successively higher stringency washes in 2XSSC, .05%
Na4P207, .5% SDS at room temperature for 5 minutes, then 2XSSC, .05%
Na4P207, .1% SDS at room temperature for 15 minutes, .1X SSC, .05%
Na4P207, .5% SDS at 37°C for 1 hour, incubated at 68°C for 1 hour with the
fresh solution. Exposure to film was carried out at -80° C with enhancing screen
for 24-72 hours.
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XGAL Staining to detect lacZ expression
Embryos were fixed and stained at several time points according to the
procedure described in Bayer and Campos-Ortega, 1992. Embryos freshly
injected with the RSV-Jgal construct were stained in parallel as a positive
control for the XGAL assay.
RNase protection analysis
RNA from at least 30 embryos, from matings in which, on average, not
less than one-half of the embryos are transgenic, was utilized for RNase
protection analysis. Embryos were collected at 28 hours of development and
placed into a Dounce Homogenizer, and most of the water was aspirated. The
embryos were then homogenized in 8ml of 4M Guanidinium Isothiocyanate,
25mM sodium citrate (pH 7.0). The solution was placed into a fresh tube, to
which was added P-mercaptoethanol to .1% and N-lauroyl sarcosine to .5%.
The solubilized embryos were then gently overlayed onto a cushion of 5.7M
CsCI and 25mM sodium citrate and spun at 32,000 rpm for at least 16 hours.
Following pelleting of the RNA, the solution was aspirated, and the pellet was
resuspended in water for at least one hour, followed by phenol/chloroform
extractions. The RNA was collected by an overnight ethanol precipitation,
resuspended in water, and the concentration was determined by OD260.
The RNase protections were performed essentially as described in Yee
and Hynes, 1993. 10 g of embryonic RNA was mixed with 32-p radiolabeled
antisense RNA probes, from the lacZ gene and a zebrafish gene expressed at
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28 hours of development, ZF21 (Njolstad, et. al., 1988). The lacZ probe was
generated by subcloning a 366bp Sau3Al fragment of the RSV-3gal plasmid
into the BamHI site of pBluescript SK+ (Stratagene). For RNase protection
analysis, this plasmid was linearized with EcoRI, and the RNA probe was
generated with T3 RNA Polymerase (New England Biolabs) in the presence of
32.p UTP. The ZF21 probe was generated by PCR amplifying a portion of the
gene from zebrafish genomic DNA using the primers PC23 (see above) and
PC22 (5'-GGTAGCCAGACTCATGCTCTTC-3'). This 1.3kb PCR product
contained most of the first exon, the intron, and part of the second exon of the
published sequence. The PCR product was digested with Ddel to generate a
1.1kb fragment, which was filled in with Klenow, and subcloned into pUC19 at
the Hincil site. The EcoRI/Hindlll fragment of the resulting plasmid,
encompassing the ZF21 and most of the pUC19 polylinker, was then
resubcloned into a EcoRI/Hindll-digested pBluescript SK+ vector. The intron
was deleted from the insert by digesting with Ncol and BamHl, filling in the
ends, and reclosing the plasmid, leaving an insert containing 413 bp of the first
exon. For RNase protection analysis, the plasmid was linearized with
Eco01091, and the probe was generated using T3 RNA polymerase in the
presence of 32_p UTP.
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Results
DNA iniections and survival rates of injected eggs.
We wished to inject the cytoplasm of fertilized eggs at the one cell stage.
This stage lasts about 40 minutes at 28°C. We obtained large groups of almost
synchronously fertilized eggs by natural matings as described in materials and
methods. In some experiments, some of the eggs were placed at 20.5°C for 20-
30 minutes to delay the time to first cleavage. Using these methods, one person
was able to inject up to about 300 eggs in about 1 and 1/2 hours while the
majority were still at the 1 cell stage.
Dechorionated eggs were injected with either of two plasmids. One,
pCH1 0 (commercially available from Pharmacia), contains the lacZ gene
under the control of the SV40 enhancer-promoter, the other, pRSV-pgal
(Edlund, et. al., 1985), contains the lacZ gene under the control of the RSV LTR.
In order to ensure that only successfully injected eggs were raised, DNA was
mixed with fluorescein-dextran and the morning following injection embryos
were screened microscopically. Only fluorescent embryos were raised as
potential transgenics.
The percent of eggs surviving to sexual maturity varied greatly. Losses
were due to incomplete fertilization, rupture of fragile dechorionated eggs,
damage caused by microinjection, failure to inject all the eggs, or loss of
embryos during raising. Average survivals for these steps, recorded in six or
more experiments, were: Fertilization rate, 81%, Surviving dechorionation,
65%, Successfully injected, about 50%, Surviving to sexual maturity, about
85%. These rates lead to a calculated average overall survival of 23%.
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High freauencv aermline transmission of iniected lDiasmid DNA seauences
Injected eggs were raised to sexual maturity and then pair mated to each
other or to uninjected fish. Eggs from each mating were harvested, incubated at
280C for about 16 hours, and DNA was prepared from them. Plasmid
sequences were detected by PCR using two primers located within the lacZ
gene (PC25 and PC26 in Figure 1). The assay was at least sensitive enough to
detect a single copy of the plasmid DNA if it were present in one egg out of 100.
As shown in Table 3, there were no germline transgenic fish among those
injected with pCH1 10. However, transgenics were identified among fish
injected with the pRSV-pgal construct. To confirm the initial results, all DNA
samples were retested by PCR using different 5' primers: A primer designated
PC28 which initiates in the RSV LTR (See Figure 1) was used to test samples
from fish injected with pRSV-D3gal, and one which initiates in the SV40
enhancer-promoter was used for fish injected with pCH110. The results of one
such PCR test are shown in Figure 2. Eggs from additional matings were also
tested to confirm consistent germline transmission of the injected plasmid DNA
sequences in putative transgenics: 15 of 15 tested remained positive. Finally,
DNA from pooled (F1) progeny of PCR-positive transgenics was analyzed by
Southern blotting: 16 of 16 analyzed by this method were positive. These
studies demonstrated that 7-25% of the injected eggs in different experiments
gave rise to fish that transmitted the injected sequences to their offspring (Table
3).
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Figure 1. MaD of pRSV-gal
The lac Z gene is shown as a solid thick line, the RSV LTR as a large
open box. The relative locations of the PCR primers used to identify transgenic
fish and to generate probes for Southern hybridization are indicated.
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Table 3. Freauency of Transaenic Zebrafish
DNA # of injected
Fynarimant*
1
2
3
Iniantd
RSV-lacZ
RSV-lacZ
RSV-lacZ
pCH110
pCH110
4
5***
# nnitiv_** 0/ nn~itiv_
32
43
40
54
19
6
3
10
0
0
19
7
25
0
0O
O
* In some cases eggs injected on different days were pooled as young adults
Experiment 1: fish derived from two independent injections, 2: one injection,
3: four injections, 4: four injections, 5: one injection.
** Number that transmit plasmid sequences to their offspring. Detected first by
PCR analysis, confirmed for most fish by Southern (see text).
*** Linearized plasmid was used in this experiment. All others were uncut.
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State of the DNA in transaenic fish
All of the transgenic fish tested (14 of 14) were found to be mosaic,
consistent with the results of Stuart et. al., 1988. The number of F1 fish that
received the transgene ranged from 1%-40% for different founder fish (Table 4).
A deviance from 50% transmission could indicate that the foreign DNA was not
integrated into the host genome, or, alternatively, it could be due to mosaicism
in the germline. The latter possibility is supported by the result that in the
seventeen lines tested, the transgene was passed on to approximately 50% of
the F2 fish (Table 4).
From the intensity of the PCR products (Figure 2), it appeared that
transgenic fish frequently harbored the foreign DNA sequences in multiple
copies. Southern analysis supported this result and also demonstrated that the
plasmid sequences had undergone rearrangement (Figure 3). DNA was
isolated from pools of embryos from transgenic fish (Figure 3a) and digested
with a restriction enzyme which cuts once within the injected plasmid. In order
to determine more precisely the number of plasmid copies harbored in the
transgenic lines, DNA from single F1 fish was digested, also with Pstl, and
analyzed by Southern blotting (Figure 3b). The intensities of the bands which
hybridize to lacZ sequences were compared between the different lines, and
several, which appeared by Southern analysis to have a single copy of the
plasmid, had equally low hybridization signals. By comparing the hybridization
signals of the other transgenic lines to the single copy lines, transgenic lines
were found to harbor 2, 4, 25, 50, and even several hundred
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Table 4. Mosaicism of Founder Fish and Mendelian Inheritance of Plasmid
Seauences in the F2
Founder
F2
F9
Line 11/42
13/70
ND
F17
M14
M9
Line M9B2/4
M9B1
M9B1 /3
M9B3
ND
101
102
104
105
106
107
108
# F1 positive fish/
# tested *
12/50
12/ 81
5/81
2/81
5/81
7/126
14 / 59
33/116
7
10
7
8
1
1/99
2/31
14/55
9/89
2/58
14/61
11/49
% positive
24
15
6
2
6
6
24
6
15
13
1
6
25
10
3
23
22
#F2 positive fish/
# tested**
20/43
11/20
12/21
23/49
20/38
23/46
25/46
61/113
22/41
15/35
13/30
10/30
18/30
% Dositive
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55
57
47
53
50
54
54
54
43
43
33
60
(continued on next page)
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Table 4. (continued)
# F1 positive fish/
# tested *Line % Dositive
#F2 positive fish/
# tested** % Dositive
109
A:
A/B:
A/C:
A/B/C:
B:
B/C:
C:
D:
33
36/47
5
4
1
1
7
5
12
1
2/45
23
36
40
2
4
18/40 45
14/26 54
7/19 37
22/31 70
* F1 fish were identified as trangenic by testing their ability to transmit the
plasmid sequences through the germline. Two to three-month old F1 fish were
pair mated and DNA from pools of their eggs analyzed by PCR and tested by
Southern analysis to confirm the identity of the transgenic line.
** DNA from individual two to seven week old F2 fish was analyzed by PCR,
and confirmed by Southern analysis for the presence of pRSV-3gal sequences.
IND: Not determined
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Figure 2. Identification of germline transgenic fish by the polymerase chain
reaction.
Genomic DNA was extracted from a pool of embryos and was used in
each of two PCR reactions and run in adjacent lanes on a 2% agarose gel. The
first lane is a reaction containing primers from the zebrafish homeobox gene,
ZF-21, generating a 500 bp product, the second contains primers specific to the
injected plasmids. The control lanes contain DNA from uninjected fish. The first
control lane contains ZF-21 primers, and the second, third, and fourth lanes
contain both sets of primers directed to the injected plasmids. The third and
fourth control lanes also contain 100 fg of the appropriate plasmid. Primers for
fish injected with pRSV-pGal generate a 1.2 kb product (third control lane), and
the primers directed to pCH110 generate a .6 kb product (fourth lane). Samples
1-4 are embryo pools of fish injected with pRSV-3Gal, samples 5-8 are pools
from pCH110 injected animals. M: Haelll-digested 4X174 size markers.
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Figure 3. Confirmation of transgenic fish by Southern analysis.
Pstl digests of genomic DNA were subjected to Southern analysis by
hybridizing with a probe from the lac Z gene (generated using primers PC17
and PC18 in Figure 1). (a) Comparisons of hybridizing band patterns between
the offspring pools of F1 transgenic fish (lanes 1-6) and 30 pg of the pRSV-PGal
plasmid (lane 7), equivalent to approximately 1.34 copies per diploid genome.
Lane 1: F2-45, lane 2: F9-45, lane 3: F17-114, lane 4: M14-5, lane 5: M9-51,
lane 6: M9-37, lane 8: Offspring pool from a nontransgenic F1 fish derived from
F17. (b) Digests of genomic DNA from individual F1 fish of a number of
transgenic lines demonstrates the range of plasmid copy number. Lane 1: 104
(150 copies), Lane2: 106 (300 copies), Lane 3: F2 (50 copies), Lane 4: M14 (25
copies), Lane 5: F913/70 (4 copies), Lane 6: F911/42 (1 copy), Lane 7: M9B1(1
copy), Lane 8: M9B2/4 (2 copies), Lane 9: M9B3 (1 copy), Lane 10: F17 (1
copy), Lane 11: 107 (2 copies), Lane 12: 102 (2 copies).
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copies of the transgene. The blot was subsequently hybridized to a single-copy
zebrafish gene, ZF21, to verify equal amounts of genomic DNA loaded on the
gel.
Interestingly, three of fourteen founder fish in which the analysis was
extensive enough to have detected it had multiple integration events. The
analysis of one such fish is illustrated in Figure 4. Figure 4a and 4b compares
the Southern analysis of DNA from an offspring-pool of M9, the founder fish, to
that of offspring pools of individual F1 fish. DNA from the pool of embryos of the
founder fish contains four bands that hybridize to a probe derived from the lac Z
region of the injected pRSV-t3gal plasmid (Figure 4a). In contrast, when
individual F1 fish were raised and mated and DNA from pools of their progeny
analyzed, it is apparent that individual F1 fish transmit only one or two of the
four bands that can be transmitted by the founder (Figure 4b). One integration
(designated 2/4 and represented by the two bands, 2 and 4, in Southern blots of
Pstl-digested DNA) is never seen in the same F1 fish as the two other
integrations (represented by bands 1 and 3), suggesting that the 2/4 integration
occurred in a different germline precursor cell than the integrations represented
by bands 1 and 3. The latter integrations occurred in the same germline
precursor, but are shown to segregate independently to the F1 generation,
indicating no genetic linkage between these two integration events (Figure 4b).
As shown in Figure 4c and Table 4, Southern analysis of DNA prepared from
individual F2 progeny of an F1 fish that inherited bands 2/4 shows Mendelian
inheritance of the integration event represented by these two bands. The other
two founder fish which harbored multiple integrations were also examined.
One, F9, contained two insertions, apparently in different germline precursors,
as all transgenic F1 offspring analyzed were found to carry only one of the two
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Figure 4. Identification of a transgenic fish carrying multiple insertions and
Mendelian inheritance in the F2 generation.
Southern analysis was performed as in Figure 3. Part A reveals plasmid
sequences transmitted by founder fish M9, B shows sequences inherited by
individual F1 fish derived from M9, and C shows sequences present in 18
randomly selected F2 fish derived from an F1 fish of the type shown in lanes 5,
6, and 10 of part B. For parts A and B DNA was derived from offspring pools of
M9 or inidividual PCR-positive F1 fish, respectively, while in C DNA was derived
from individual seven-week-old fish. Part B lane 1: negative sibling of F1
transgenics, lanes 2-10: F1 transgenic fish that inherit either band 1, band 3,
bands 1 and 3 or bands 2 and 4.
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insertions. The other, 109, carried three independently segregating insertions
in one germline precursor, as F1 progeny were identified which carried all
combinations of the three insertions (Table 4).
Because the injected DNA sequences carried the lacZ gene and we had
shown that this plasmid could direct the expression of -galactosidase in
zebrafish embryos following injection, we tested eggs from transgenic fish for
expression of P-galactosidase by the XGAL test. Embryos from 13 transgenic
lines were tested at several stages of development for -galactosidase activity
and all were negative (Table 5). In addition, we tested for the expression of lacZ
RNA at 28 hours of development in 11 transgenic lines by the RNase protection
assay, and ten displayed no detectable RNA. However, one line, 104,
appeared to express lacZ RNA at a low level at 28 hours of development
(Figure 5). RNA derived from the 104 line yields a protected fragment of the
same size as that protected by RNA of mouse cells which express lacZ. In
contrast, RNA from five other transgenc lines do not protect the lacZ probe;
however, they do protect a probe derived from the ZF21 gene, indicating that
intact RNA was present in all samples derived from fish. Interestingly, embryos
of the 104 line had been screened for XGAL activity, and they were negative.
As this line harbors several hundred copies of the transgene (Figure 3b), control
experiments were performed with the lacZ sense strand, demonstrating that the
protected lacZ fragment in the 104 line is not a result of contaminating DNA
(data not shown). In addition, this experiment was performed with two different
preparations of RNA from the 104 transgenic line, both of which expressed the
lacZ RNA. RNA from the 106 line, which also harbors several hundred copies of
the transgene (Figure 3b), did not show a protected band in the RNase
protection analysis (data not shown). In all, 16 transgenic lines were tested for
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Table 5. Transgenic Lines Screened for Expression of LacZ by the XGAL Test
and RNase Protection Analysis
XGAL
% transgenic* 7hr** 14hr**
1 0 0 a
50b
ND
100c 0/20 0/16
1 0 0 a 0/20 0/20
ND
ND
10 0 C
75 d 0/20 0/16
75d 0/4 0/4
ND
100c 0/20 0/19
75 d 0/19 0/20
75 d 0/20 0/17
75 d 0/20 0/21
75 d 0/20 0/18
28hr** 50hr**
0/2
0/6
0/14
0/18
0/1
0/20
0/4
0/20
0/18
0/18
0/19
0/16
1/16 7/15 6/6
0/5
0/12
0/17
0/4
0/17
0/16
0/14
0/13
0/6
3/4
(continued on next page)
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RNase protection
ND
ND
Line
F911/42
F913/70
F17
M9B1
M9B2/4
M9B3
M14
101
102
'104
·106
108
I 09A
'I 09B
1109C
33
+
Injected
ND
Table 5. (continued)
* The percent of transgenic embryos result from the matings of the following
genotypes:
a. homozygote x homozygote = 100% of offspring transgenic
b. heterozygote x nontransgenic = 50% of offspring transgenic
c. homozygote x nontransgenic = 100% of offspring transgenic
d. heterozygote x heterozygote = 75% of offspring transgenic
** - The number of embryos fixed and stained for XGAL activity at the
indicated time points
ND - Not done
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Figure 5. RNase protection analysis reveals one transgenic line expressing
lacZ
15 !gg of RNA isolated from 28 hour embryos of several transgenic lines
was subjected to RNase protection analysis using probes from the lacZ gene
and the zebrafish ZF21 gene. The 413 base ZF21 fragment (upper arrow) is
protected by all embryonic zebrafish samples, while just one protects the lacZ
366 base fragment (lower arrow), the same size as that protected in a mouse
cell line expressing lacZ, clone 6.6. Lane 1: RNA from line M14, Lane 2:
M9B2/4, Lane 3: F17, Lane 4: 104, Lane 5: 109B, Lane 6: 109C, Lane 7: Mouse
3T3 cells, Lane 8: 6.6 cell line diluted 1:10 in 3T3 RNA, Lane 9: 6.6 cell line,
Lane 10, yeast RNA control.
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lacZ expression either by XGAL staining or for the presence of RNA, and only
one RNA-expressing line was detected, although this line was not XGAL
positive.
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In these studies we established procedures for obtaining large numbers
of zebrafish eggs for microinjection and obtained a high frequency of germline
transmission of injected DNA. It seems likely that the inherited plasmid DNA
sequences are integrated since they are passed to the F2 generation with
Mendelian ratios. The overall frequency of transgenics obtained with one
plasmid, pRSV-Pgal, was 17% with a rate ranging from 7-25% in three
experiments. If the multiple integrations which we observed are counted, then a
total of 24 plasmid integrations succeeded in being passed through the
germline of 115 fish injected, thus increasing the overall frequency of germline
transmission to 21%. The frequency of 17% is several times higher than the 4-
5% reported previously (Stuart, et. al., 1990). The reasons for the large
differences in frequency between different plasmids within our own study or
between these studies and the pioneering work of Stuart and Westerfield and
their colleagues remain to be determined, however a plausible explanation for
the difference in our results and those of Stuart et al (Stuart, et. al., 1988 and
Stuart, et. al., 1990) may be the assay used to detect germline transmission.
In the majority of their studies Stuart et al. (1990 and Westerfield,
personal communication) injected a plasmid containing a CAT gene and
determined the frequency of transgenic fish by testing progeny of potential
founder fish for CAT gene expression. In contrast, we assayed germ-line
transmission by the presence of plasmid DNA sequences in F1 fish. Although
the construct we injected carries a functional lacZ gene under the control of an
RSV LTR and expresses -galactosidase in freshly injected embryos, we failed
67
to observe lacZ expression by XGAL staining in the 13 transgenic lines we
tested, and we detected lacZ RNA in only one line out of 11 tested. Thus, had
we determined the frequency of transgenic fish by gene expression, we would
have seriously underestimated the frequency, perhaps even failed to detect
transgenics at all. We have identified by Southern analysis a number of
transgenic lines which appear to have at least one undisrupted copy of the
RSV-lacZ sequences but which do not express lacZ. Thus, the failure of the
lacZ gene to be expressed in the progeny of our transgenic fish is not due to
gross rearrangements in the plasmid DNA that render the lacZ gene or the RSV
enhancer-promoter nonfunctional. We cannot rule out, however, the possiblity
of small deletions or point mutations which would disrupt expression. The low
frequency of lacZ expression in our transgenic lines suggests that expression
from the RSV enhancer-promoter or possibly expression of the lacZ structural
gene itself is repressed after passage through the fish germ line. Studies by
Bayer and Campos-Ortega, 1992, have also utilized a RSV-P3gal expression
plasmid to generate transgenic zebrafish. They have demonstrated expression
in F1 offspring of two founder fish; however, in these cases the plasmid DNA did
not appear to be integrated. Of the other fish microinjected by Bayer and
Campos-Ortega with the RSV-P3gal plasmid, only two of 56 tested appeared to
transmit integrated sequences through the germline, and in neither of these fish
was XGAL expression detected in the offspring. Injecting a different lacZ
construct, driven by the mouse heat shock promoter, Bayer and Campos-Ortega
reported that XGAL expression was detected in just 1 out of 8 germline
transgenic founder fish (Bayer and Campos-Ortega, 1992). These results are in
agreement with our own finding that lacZ expression from the RSV-Pgal plasmid
is repressed after passage through the zebrafish germline.
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The lacZ structural gene, however, cannot be entirely responsible for the
lack of expression we have observed in our studies. Lin, et. al. have
demonstrated lacZ expression in the offspring of 4/5 transgenic fish (Lin, et. al.,
1994b). The plasmid in these studies utilized the Xenopus elongation factor 1-
a promoter to drive expression of lacZ, and the expression is stable for at least
several generations. However, the expression of lacZ was temporally and
spatially restricted in three of the four transgenic lines; the expression patterns
are different in all of the transgenic lines, suggesting that the expression of lacZ
is subject to regulatory sequences in the zebrafish genome.
As the lacZ structural gene cannot be entirely responsible for the low
level of expression from the pRSV-gal plasmid, neither can the RSV-LTR be
solely the cause. The studies of Stuart, et. al., utilized the RSV-LTR promoter to
drive CAT gene expression, and they were able to demonstrate CAT activity in
progeny of their transgenic fish (Stuart, et. al., 1990). Thus, expression from the
RSV-LTR is not totally abrogated after passage through the zebrafish germline.
However, because they did not analyze the progeny of their injected fish for the
presence of DNA, it is not known what percentage of the transgenic fish actually
expressed CAT. Therefore it is possible that CAT gene expression may have
been suppressed in their studies, leading to an apparently lower frequency of
germline transmission of injected DNA sequences. In addition, in our studies, it
is possible that sequences other than the RSV-LTR or the lacZ gene on the
injected plasmid may contribute to the repression of expression.
Although fish injected with the pRSV-Pgal plasmid resulted in a high
frequency of germline transmission, a second construct, pCH110, failed to yield
any germline transgenic fish. Several explanations may contribute to the
difference in the frequency of transgenic fish obtained with the two plasmids
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injected in these studies. There may be differences in the frequency with which
different DNA sequences integrate into fish DNA. Alternatively, differences in
the conditions of injection, which varied in the five experiments reported here,
may be important. These include the use of low temperature to delay first
cleavage in some groups of eggs, the concentration of DNA, the concentration
of fluorescein dextran and phenol red in the injection solution, as well as
differences between the fish. It is possible that by cooling the embryos to delay
the first cleavage, the embryos recover slowly and this further delay allows for
additional time for the DNA to integrate. This would reduce the mosaicism and
increase the probability of DNA integrating into the germline of the fish. The
concentration of DNA and fluorescene dextran and phenol red may also have
an effect on the ability of DNA to integrate. Injecting high concentrations of DNA
reduces the survival of injected embryos. A lower concentration of fluorescene
dextran and phenol red, while resulting in higher transient expression from the
injected plasmid, may act to buffer the toxic effects of DNA injected into the
embtyo. This may affect the ability of the plasmid DNA to integrate into the
genome. The fish we have used in these studies are not inbred, so it is possible
that there are differences between strains of fish in their abilities to integrate
DNA into the genome.
In the studies of Bayer and Campos-Ortega, they varied the
concentration of the DNA, and they compared the germline transmission
frequency using linear and supercoiled DNA (Bayer and Campos-Ortega,
1992). In fish microinjected with supercoiled RSV-Jgal plasmid at 100g/ml,
4% of injected fish transmitted the sequences through the germline, while none
of the 20 fish injected with supercoiled DNA at 30gg/ml transmitted the plasmid
through the germline, as assayed by PCR. In constrast, when the phs6-lacZ
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plasmid (containing the mouse heat shock promoter) was injected, changing
the concentration of injected DNA resulted in almost no difference in the
germline transmission frequency; concentrations of linearized DNA at either
401g/ml or 80Rg/ml resulted in approximatly 6% of the injected fish transmitting
the sequences through their germline. However, no fish (out of 46) injected with
supercoiled phs6-lacZ transmitted the DNA to their offspring, in contrast to the
high frequency which we have observed using supercoiled RSV-Pgal. Clearly,
the use of different plasmid sequences can have a dramatic effect on the
frequency with which DNA sequences can be stably integrated and passed
through the germline. More systematic studies to determine the effect of various
conditions on the frequency of transgenic fish will be needed to resolve this
issue.
Like Stuart et al. (Stuart, et. al., 1988 and Stuart, et. al., 1990) we found
that frequently multiple copies of the injected plasmid DNA sequences were
integrated at a single site. In addition, founder fish were mosaic in all (19 of 19)
cases studied, indicating that injected DNA does not usually integrate
immediately. In mice transgenes also often contain multiple copies of the
injected DNA, though mosaicism is less common. In the zebrafish, the one-cell
stage lasts just 40 minutes after fertilization, allowing little time for the DNA to
integrate before the first cleavage, while in the mouse, the first cleavage occurs
approximately 24 hours after fertilization, resulting in the majority of transgenic
mice being non-mosaic. What is surprising, given the high degree of mosaicism
in the fish and the presumably low numbers of germline precursor cells, is the
high frequency of germline transmission which we were able to obtain. On
average, 25% of mice microinjected as embryos contain integrated DNA in their
somatic tissue as adults (Palmiter and Brinster, 1986). A large percentage of
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these mice transmit the sequences to their offspring. Thus, the 17% germline
transmission frequency which we observed in the zebrafish is not very different
from that seen in the mouse. One explanation for this is that in the zebrafish, the
microinjected DNA, while existing extrachromosomally before integration, can
differentially segregate to daugther cells, resulting in a higher probability that
multiple integrations can occur in a single fish, and thus a increased probability
that an integration will occur in a germ cell. Although we did not closely
examine the somatic tissues of founder fish to explore this issue, we did detect
multiple integrations in the germline of several fish, a novel finding. We
discovered that it is possible to generate multiple independent integrations in
one germline precursor, as well as integrations in two different germline
precursor cells. Multiple germline integrations from injecting plasmid DNA,
although observed occasionally in the mouse, is not as prevalent as it appears
to be in the fish. We detected multiple integrations in 3 of the 14 fish in which
analysis was extensive enough to have seen them. Multiple germline
integrations are frequently observed when cleavage-stage mouse embryos are
infected with retroviruses or when endogenous retroviruses are activated, which
is reflected in the much higher degree of mosaicism using this method of
introducing new integrations into the mouse genome (Spence, et. al., 1989,
Weiher, et. al., 1990, lannaccone, et. al., 1992).
Transgenic fish were identified in these studies by testing for germline
transmission; progeny of potential transgenic fish were collected and assayed
by PCR for the presence of the plasmid sequences. This is a very labor-
intensive process. The identification of transgenic F1 fish could be accelerated
by assaying the fin for the presence of the plasmid sequences, in much the
same way that tails of mice are assayed for transgene sequences. However,
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because of the large amount of labor involved in DNA testing, injection of DNA
into fertilized eggs could probably become a useful means of mutagenizing fish
only if methods for detecting integrated DNA in live embryos were developed.
This would necessarily require the efficient expression, preferably at a high
level, of a reporter gene that conferred a visible phenotype, for example
pigmentation, or a selectable phenotype, or one that produced a product that
could be detected with a live stain. The use of promoter trap constructs so that
only fish with mutagenizing integrations would be raised could also help to
make the approach feasible (Gossler, et. al., 1989 and von Melchner and Ruley,
1989).
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Chapter 3
Screen for Mutant Phenotypes in Transgenic Zebrafish Lines
and an Analysis of the Integration in a Single Line
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The ability to make transgenic animals affords one the potential to study
ih7 vivo the result of ectopic expression of a cloned gene, as well as determining
the elements responsible for correct temporal and spatial expression of an
introduced gene (Costantini and Lacy, 1981, Palmiter, et. al., 1982, Shani,
1986, Jenuwein and Grosschedl, 1991, Westerfield, et. al., 1992). The
integration of exogenous DNA into the chromosome also has a potential for
disrupting an endogenous gene. Such disruptions have been revealed upon
inbreeding transgenic mouse lines and in approximately 10% of the transgenic
lines generated by microinjecting foreign DNA into the early embryo, the
homozygotes either were absent or displayed abnormal phenotypes (Palmiter
and Brinster, 1986, Gridley, et. al., 1987, Meisler, 1992). This discovery has
expanded the interest in generating transgenic animals in order to obtain
mutations in previously unknown genes. In contrast to mutations induced in the
mouse by chemicals, X-RAYs, or y-rays, prenatal lethal mutations caused by the
insertion of a transgene can be identified by the lack of homozygotes produced
in the litter, thus expanding the tractable phenotypes to those other than
postnatal lethals or visible mutations (Mark, et. al., 1985, Covarrubias, et. al.,
1986, Costantini, et. al., 1989, Radice, et. al., 1991). In addition, insertional
mutagenesis theoretically affords one the potential to clone the disrupted gene
responsible for the mutant phenotype.
However, in the mouse, although random DNA insertion results in a high
frequency of mutant phenotypes, in most cases the genes disrupted have not
yet been cloned. Chromosomal rearrangements, frequently observed at the
sites of transgene insertion, are thought to be responsible for the inability to
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identify most genes disrupted by random DNA integrations. Deletions,
insertions, duplications, and translocations have been observed at transgenic
insertion sites (Covarrubias, et. al., 1986, Mahon, 1988, Wilkie, et. al., 1991,
Francke, 1992, Mark, et. al., 1992, and Ratty, et. al., 1992).
In contrast, the enzymatically-driven integration of retroviruses, results in
a clean insertion of the proviral genome, with just a 4-6 bp duplication of the
host sequences (Weiss, et. al., 1985). Although the integration of retroviruses
results in a lower frequency of mutgenesis in the mouse, approximately 5%
(Palmiter and Brinster, 1986, Gridley, et. al., 1987, Spence, et. al., 1989, and
Weiher, et. al., 1990), a higher percentage of the genes disrupted by viral
integration have been identified (Schnieke, et. al., 1983, Weiher, et. al., 1990,
Mercer, et. al., 1991).
We previously generated transgenic zebrafish by microinjection of
plasmid DNA into the fertilized egg. In the studies described here we screened
for phenotypes in our transgenic lines in order to determine the frequency of
mutagenesis in the fish. We report that in our screen for mutants we have not
recovered any observable phenotypes among nineteen insertions when bred to
the homozygous state. In addtion, examination of the locus of insertion of one
transgenic line revealed that the plasmid DNA had integrated without disruption
to the zebrafish genome, suggesting a possible cause for the low frequency of
insertional mutagenesis in the zebrafish.
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Materials and Methods
Screen for embryonic lethals
Eggs derived from a pair of transgenic heterozygotes were collected, and
at approximately 5 hours after fertilization they were counted. At this time the
unfertilized eggs, identified by the lack of cell cleavages, were discarded. The
developing embryos were observed periodically for abnormalities and at 28
hours were again counted and examined for phenotypes. This analysis
included noting the overall body size, the presence of normal eyes, somites,
notochord, beating heart, and motility of the embryo. In some cases, the
embryos were allowed to develop further up to 6-9 days of development, at
which time the fry should be swimming and eating. The viable fish were
counted, and approximately 50 fish were grown to adulthood as an F2 family.
The remaining fish were immobilized on ice and examined for the presence of a
swim bladder and a full gut, as well as for gross abnormalities. For some
transgenic lines, the embryonic screen was performed just once. For others, the
screen was repeated with different transgenic parents if the number of embryos
surviving to the last day of the screen was lower than 80% of the number of
fertilized embyros.
Screen for adult viablilty. sterility, and maternal effects mutations
Individual F2 fish were pair-mated to nontransgenic fish, and the
offspring of F2 females were examined for phenotypes as described above. In
most cases, matings were performed naturally. If a fish refused to mate after
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several attempts, eggs or sperm were squeezed from the fish, using a
procedure essentially as described in the Zebrafish Book (Westerfield, 1989),
and embryos were generated by in vitro fertilization. DNA was prepared from 8-
12 individual offspring at 72 hours of development as described in Chapter 2.
The embryonic: genomic DNAs were then tested by PCR or Southern analysis
for the presence of the transgene as described in Chapter 2. Each embryo
yielded several micrograms of genomic DNA; 10% was used in a PCR reaction,
if done, and the remainder was subjected to Southern analysis.
F3 Line
Two homozygous F2 fish were mated to generate a homozygous F3 line.
These fish were raised to adulthood and tested for fertility.
Cloning Fragments by Inverse PCR
2pg of genomic DNA derived from 101 or M9B1 transgenic fish was
digested with Sau3AI or Hindll (respectively), followed by a phenol/chloroform
extraction. The DNA was recircularized with T4 DNA Ligase at 40C overnight in
a 400l volume to promote intramolecular ligation. The ligation reaction was
extracted with phenol/chloroform, followed by the PCR amplification step,
utilizing PCR primers PC67 (5'CAGTACGGTAGTGATTGCAGCGGTC3') and
PC68 (5'GTGCTGCTCGCGCATTCGACCAGATC) for the 101 DNA and PC50
(5'CTCATGTTTGACAGCTTATCATCGAT3') and PC51
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(5'TGAAGACGAAAGGGCCTCGTGATAC3') on M9B1 DNA. The PCR reaction
was performed essentially as described in Chapter 2 in an Ericomp
Thermocycler, with a 940C initial denaturation step for 1 minute, followed by 30
cycles of a 30 second 940C denaturation step, a 1 minute 600C annealing step,
and a 2 minute 720C elongation step. A final 10 minute 720C step was
included.
21g of genomic DNA from either M9B1 or nontransgenic fish was
digested with Ncol, recircularized as above, and PCR amplified using the
primers PC58 (5'CTGCGTTGGCTGAGGTCCACTTATC3') and PC59
(5'CTTGTGCTACTTTTCAGCGCTTCGC3').
All enzymes were purchased from New England Biolabs; Taq DNA
Polymerase was purchased from Pharmacia.
Cloning and sequencing the Inverse PCR reaction products
The 1.3 kb 67/68 inverse PCR product was digested with Nco, filled in
with Klenow, cut with Sau3AI, and subcloned into a BamHI/Ncol-digested
pUC19 vector for sequence analysis.
The 1.4kb 50/51 product was digested with Eco01091 and HindlIl, and
one of the fragments, a .8kb fragment, was subcloned into the EcoO1091/Hindlll
sites of a modified pUC19 vector, pUCD, which contains a Eco01091 restriction
site in the polylinker. This fragment, when sequenced, was found to represent
the 5' portion of the 50/51 product, as it contained no plasmid sequences,
though it did contain the expected Ncol and EcoRV restriction enzyme sites
mapped to the 5' flanking region . An unexpected Eco01091 site was found to
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be present in the flanking sequence between the HindIll site in the flanking
sequence and the plasmid sequences. After sequence analysis of 50/51, the
remainder of the junction fragment was cloned using the PCR primers PC58
(present in the fish genomic sequences) and PC45
(5'GCACACCAATGTGGTGAATGGTC3'), located in the RSV-LTR region of the
plasmid sequences. The resulting PCR product was then digested with Ndel
(present in the flanking fish sequences) and Hindlll (in the plasmid sequences)
and subcloned into a Ndel/Hindlll digested pUC19 vector for sequence analysis
to verify that it contained the 5' junction sequences.
The 59/59 PCR product was digested with Ncol, filled in with Klenow,
then digested with Ndel, and subcloned into a pUC19 vector digested with Ndel
and Hincll for sequence analysis.
Sequencing was performed using the dideoxy chain termination method
with the Sequenase kit from United States Biochemical Corp.
Southern analysis
Southern analysis was performed essentially as described in Chapter 2.
All probes were made from gel-purified fragments using the random priming
method (Feinberg and Vogelstein, 1983). The 50/51 and 67/68 probes were
generated directly from the PCR product. The 3' pBR probe comprised the
1.3kb Pstl/Ndel fragment in pBR322. The 58/59 probe was generated from the
1.3kb Ndel/Hindlll fragment of the subcloned inverse PCR product.
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Results
Screen for Embryonic Lethality
Upon integration, a transgene can potentially disrupt a gene necessary
for viability. If the gene disruption is recessive, the phenotype would be
exhibited only in the homozygous state, which comprises 25% of the offspring
from two heterozygous fish of a transgenic line. Thus, the initial screen for
mutations caused by transgenic insertions involved screening the offspring of
-two fish heterozygous for a transgenic insertion. Heterozygous fish from
nineteen independent transgenic lines were pair-mated to generate F2 families.
These F2 fish were periodically examined during early development for the
presence of gross abnormalities. At 28 hours of development the number which
survived and appeared normal were counted. For most of the transgenic lines,
the embryos were then allowed to develop further to 6-9 days of development,
at which time wild-type fish are swimming and eating. Approximately 50
embryos were retained to grow to adulthood, and the remainder were
microscopically inspected for grossly normal characteristics. The results of the
screen are shown in Table 6.
If a transgenic insertion disrupted the expression of a gene important
for early development, 25% of the offspring resulting from a mating of two fish
heterozygous for the transgene would be abnormal or dead. In our screen for
embryonic lethality most of the transgenic lines bred to homozygosity were
completely viable in the F2. In a number of transgenic lines, some matings
resulted in lower offspring viability than in others (Table 6); however, at least
some matings in these lines resulted in a high percentage of offspring
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Table 6. Screen for Embryonic Lethal Mutations in Homozygous Transgenic
Zebrafish
28hour screen Later screen
Line* #egs # fert %frt #ve a #live %
F2 96 95 99 76 80 ND
400 395 99 391 99 ND
F9-11/42 327 323 99 278 86 ND
F17 400 390 97 244 63 ND
14 14 100 ND 6d 13 93
M9B1 400 395 99 385 97 ND
M9B2/4 244 244 100 219 90 ND
145 119 82 119 100 ND
M9B3 61 61 100 59 97 ND
M14 107 106 99 104 98 ND
167 166 99 164 99 ND
207 184 89 ND 7d 170 92
101 148 139 94 ND 9d 132 95
102 308 290 94 ND 6d 278 96
104 103 8 8 7 87 8d 5 63
86 85 99 76 89 8d 70 82
105 182 178 98 175 98 7d 172 97
106 59 56 95 56 100 ND
107 268 266 99 236 89 2d 231 87
136 89 65 86 97 ND
108 500 499 99 498 99
400 396 99 ND 7d 389 98
109A 230 219 95 180 82 7d 170 78
400 309 77 244 79 7d 212 69
603 563 93 562 99 8d 552 98
109B 242 184 76 162 88 7d 142 77
171 119 69 130 94 8d 124 90
109C 137 127 93' 98 77 8d 98 77
331 190 57 184 97 7d 176 93
33 134 133 99 131 98 ND
* In some cases the matings were repeated more times than shown in this table; data reported is
representative of the results.
ND - Not done
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appearing normal, indicating that the cause of the lower viability was not a
result of the transgenic insertion.
Screen for adult viability. sterility. and maternal effect mutations in the
!homozygotes
An F2 family from each transgenic line, derived from mating two
Iheterozygous F1 fish, was raised to adulthood. In order to genotype the F2 fish,
'they were pair mated with nontransgenic fish, and DNA was made from the
offspring individually and tested for the presence of the transgene by PCR and
confirmed by Southern analysis. All offspring of a homozygous fish would be
transgenic, as would half of those from a heterozygous fish, and none from the
nontransgenic siblings. The ratios of homozygous (T/T), heterozygous (T/+),
and nontransgenic (+/+) fish identified in this manner in each F2 family is shown
in Table 7. Most of the transgenic lines exhibit ratios of the three genotypes
close to 1:2:1, which is expected from a mating of two heterozygotes, and
provides additional genetic support that the transgenes are integrated into the
zebrafish genome.
In some cases, the original F2 family contained a very small number of
'either male or female offspring. The unequal ratios of males and females in
'different families is frequently observed in zebrafish, and most likely does not
represent the selective death of a particular sex. In order to determine whether
the homozygotes of both sexes were completely viable, the mating was
repeated to generate a new F2 family, with the hope of producing more of the
Iless-populated sex in the next family. In some cases, two heterozygotes were
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Table 7. Screen for Phenotyves in Adult Homozygous Transgenic Zebrafish
Adult Offsprlng Identified
T/T* T/+* +/+*
homo homo maternal
male** female** screen***
homozygous
line ****
hetxhet 4 5 0 1/5 3/4
F911/42 hetxhet 4 7 3 3/9
F913/70 hetxhet 5 7 2 3/7
F17
M9B1
hetxhet 3 7 3 2/9
hetxhet 4 4 1 2/4
M9B2/4 hetxhet
M9B3
M14
101
hetxhet
hetxhet
2 4 3 1/5 1/4
2 1 2 1/2 1/3
2 9 1 1/3 1/9
hetxhet 4 2
homoxhet 4 4
102
104
105
106
hetxhet 1 5
homoxhet 2 0
hetxhet
hetxhet
hetxhet
3 3/6
3/5
3 0/6
1/1
2 12 3 1/13 1/4
1 4 0 1/4 0/1
4 10 6 3/6
hetxhet 1 2
homoxhet 0 5
hetxhet
0 0/2
0/5
1/1
ND
3 5 5 2/12 1/1
hetxhet 2 8
homoxhet 1 5
hetxhet
hetxhet
5 1/8
ND
1/7
1/6
1 3 0 1/4 ND
2 1 0 1/1 1/2
hetxhet 3 6
homoxhet 3 1
3 1/8
2/3
2/4
1/1
+ ND
+
+
+
ND
ND ND
-I -I
-I -I
* Genotypes: T/T transgenic homozygote, T/+ transgenic heterozygote, +/+ nontransgenic fish
** Number of homozygous males or females identified of the number screened
*** Maternal screen: + - F2 homozygous female screened for mutations in offspring, ND - not done
**** Homozygous F3 lines established and tested for fertility: + - tested, ND - Not done
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Lne
F2 + +
+1/5
2/7
1/5
2/5
+
+
+
ND
ND
+ +
+ +
+ +
+ +
+1/3
1/3
1/3
1/1
-I
+ +
+
107
108
-
ND
1/14
ND
-I ND
109A
109B
109C
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remated to generate the new family. Alternatively, homozygotes of the
predominant sex in the original F2 family were identified and mated to a F1 or
F2 heterozygote of the under-represented sex. This new family would comprise
equal numbers of homozygotes and heterozygotes, decreasing the number of
fish needed to screen in order to identify a homozygote.
One method of differentiating animals which are heterozygous and
homozygous for a transgene is by comparing the intensity of plasmid-
hybridizing sequences in Southern analysis. The heterozygotes carry only one
transgenic chromosome, while the homozygotes carry two. Thus DNA extracted
from a homozygous fish should contain twice the number of plasmid copies as
DNA from a heterozygote. The method used in the studies described here to
genotype the F2 fish involved breeding each fish and was more labor-intensive.
However, generating offspring to genotype the parent served also as a screen
for sterility, as fish genotyped as a homozygote in this manner are consequently
fertile. In addition, we were able to screen in parallel for maternal effect
mutations in the homozygotes. The offspring of all F2 females were screened
for gross abnormalities during the first 3 days of development, and no mutant
phenotypes which segregated with the transgene were identified in the 17 lines
screened (Table 7).
Generating F3 Homozygous Lines and Screening for Abnormalities
F2 fish identified as homozygotes were interbred to generate F3
homozygous lines. All (12/12) of the homozygous transgenic lines we
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generated in this manner were fertile and displayed no obvious phenotypes
(Table 7).
Cloning Junction Fragments from Two Transgenic Lines
The lack of mutants obtained by random DNA insertions in zebrafish
prompted us to investigate if there was a mechanistic reason for this paucity.
Although genetic analysis had indicated that the transgenes were integrated
(Chapter 2 and Table 7), it is formally possible that episomal DNA sequences
may segregate in a manner mimicking that of chromosomal DNA and would
explain the lack of mutants. Cloning the DNA flanking the transgene would
provide further evidence that the plasmid had indeed integrated into the
zebrafish genome. Inverse PCR was chosen as the method for cloning the
flanking sequences, as it is a more rapid method for obtaining cloned
sequences than generating genomic libraries from each transgenic line. The
transgenic fish described in this study were generated using supercoiled
plasmid DNA, which prior to integration opens in a random location. In order to
identify the region of the plasmid adjacent to the flanking zebrafish sequences
in a particular line, detailed mapping of the transgene was necessary.
Southern analysis had previously revealed that a number of transgenic lines
harbored a single copy of the RSV-f3gal plasmid, which simplified the making of
the molecular map of these transgenic lines. DNA from the transgenic lines
M9B1 and 101 was digested with a number of restriction enzymes, followed by
Southern analysis using the RSV-Pgal plasmid as a probe. The digests of the
transgenic lines were compared with digests of the RSV-3gal plasmid alone
(data not shown). Bands unique to the transgenic lines were thus identified as
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potential junction fragments, and bands present in the plasmid but missing in
the transgenic lines indicated the candidate regions in the plasmid where the
break had occurred prior to integration. By using a number of restriction
enzymes, detailed maps of the two transgenic lines were derived.
Restriction enzyme analysis followed by Southern blotting revealed that
in the 101 line, the RSV-Pgal plasmid had opened in the RSV-LTR sequence,
which serves as the promoter for lacZ (Figure 6). A 1.0 kb Sau3AI fragment was
found to span the 5' junction of plasmid and genomic sequences. Thus,
genomic DNA from 101 transgenic fish was digested with Sau3Al, self-ligated,
then amplified by PCR using the primers PC67 and PC68 shown in Figure 6.
'The expected .9 kb PCR product resulted and hybridized to transgenic DNA as
well as nontransgenic fish DNA on a Southern blot (Figure 7a). A band of
approximately 4kb is present in nontransgenic fish DNA digested with Pstl. In
the 101 heterozygote, an additional band of 13kb is detected. This band is the
,approximate size observed on Southern blots of 101 DNA digested with Pstl
when hybridized to the RSV-Pgal plasmid (data not shown). This data indicates
that this PCR product contains the junction sequences; the 13kb band present
in the heterozygote represents the transgenic allele, while the 4kb band present
in both nontransgenic fish and the heterozygote represents the undisrupted
allele. Subsequent Southern analysis has shown that only the 13kb band is
observed in 101 homozygotes (data not shown). This analysis demonstrated
that the inverse PCR product contained endogenous fish sequences
representing the locus of insertion of the 101 transgenic line. The intensity of
the band on the Southern blot and the observation that approximately 50% of
the 4kb band is shifted in the 101 heterozygotes suggests that this sequence is
present in a single copy in the zebrafish genome.
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Figure 6. Map of the 101 Transgene and cloning of the iunction fragment by
inverse PCR
A schematic of the molecular map showing the arrangement of plasmid
sequences at the 101 transgenic locus, based on single and double digests
with a variety of enzymes, followed by Southern analysis using the RSV-fgal
plasmid as a probe. This transgenic line contains just a single copy of the
plasmid, which opened in the RSV LTR sequences upon integration into the
zebrafish genome. The location of the RSV-LTR is indicated (RSV), as is the
lacZ gene and the polyA signal. A 1.0 kb Sau3AI fragment spanning one of the
host/plasmid junctions was cloned by inverse PCR, resulting in a .9 kb fragment
which contains previously unknown sequences. S: Sau3Al restriction site, N:
Ncol site, flanking zebrafish sequences, _ plasmid sequences.
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Figure 7. Southern analysis of junction fragments from two transgenic lines
A. Genomic DNA from a fish heterozygous for the 101 transgene (het)
and from a nontransgenic fish (NT) was digested with Pstl and hybridized to a
potential junction fragment from the 101 transgenic line, 67/68 (Figure 2.1). The
4 kb band detected in both fish represents the nontransgenic locus, while the 13
kb band in the heterozygote is the altered locus upon insertion of the trangene.
B. Genomic DNA derived from a M9B1 homozygote (homo), a M9B1
heterozygote (het) and a nontransgenic sibling (NT) was digested with Pstl and
hybridized to the 50/51 inverse PCR product, a putative junction fragment of the
M9B1 insertion. The 4.3 kb band present in the nontransgenic and
heterozygous fish represents the nontransgenic state of this genomic locus.
The locus is altered upon insertion of the transgene, resulting in a shift in the
size of the hybridizing sequences to approximately 18 kb, seen in one copy in
the heterozygote and two copies in the homozygote.
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Mapping the M9B1 transgenic line revealed that in this case the plasmid
had opened in the ampicillin resistance gene of the vector (Figure 8a), and a
1.5kb HindlIl fragment spanned the junction at the 5' end of the transgene
(Figure 8b). Inverse PCR was then used to clone this junction fragment from
M9B1 DNA, using the PCR primers PC50 and PC51 (Figure 8b) to amplify a
recircularized HindlIl digest of M9B1 genomic DNA. The expected 1.4kb band
was produced and was used as a probe in Southern analysis (Figure 7b). The
cloned fragment (50/51) hybridized to a band of approximately 18 kb in a Pstl
digest of genomic DNA, present only in M9B1 homozygous and heterozygous
DNA and is the approximate size of the band seen in M9B1 DNA when digested
with Pstl and probed with the RSV-P3gal transgene (Figure 3, Chapter 2). In
addition, the 50/51 probe hybridizes to a 4.3 kb band present in both
nontransgenic fish and M9B1 heterozygous fish, but not in homozygous M9B1
DNA. Thus, this 4.3 kb band represents the endogenous fish sequences which
are disrupted upon insertion of the transgene in M9B1, converting the 4.3 kb
fragment to 18 kb. This result demonstrates that this PCR product contains the
endogenous fish sequences flanking the transgene which appears to be
present as a unique sequence in the zebrafish genome. Subsequent sequence
analysis confirmed that the 50/51 product contained the sequences spanning
the 5' junction.
Analysis of the Transgene Insertion Site in the M9B1 Line
In an attempt to determine whether the random insertion of plasmid DNA
resulted in genomic rearrangements in the zebrafish, the state of the locus of
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Figure 8. Map of the M9B1 transgenic locus and cloning of the junction
fragments by Inverse PCR
a. The state of the molecular arrangement of the M9B1 locus is depicted,
based on single and double restriction digests with multiple enzymes. The
plasmid opened in the ampicillin resistance gene present in the vector
sequences upon integration into the zebrafish chromosome. Shown are the
ampicillin resistance gene (amp), the RSV-LTR (RSV), which drives expression
of the lacZ gene (lacZ), and processing and polyA signals present on the
plasmid (IVS/pA).
b. The restriction map of the M9B1 locus, showing locations of the EcoR1
(R), Hindll (H), EcoRV (V), and Ncol (N) sites which result in junction fragments
(shown to span the host/plasmid sequences) identified by anomalous plasmid-
hybridizing sequences on Southern blots. A 1.5 kb Hindll fragment spanning
the 5' junction was cloned by inverse PCR using the primers PC50 and PC51.
Also shown is the region of the plasmid used to detect 3' junction fragments (in
Figure 2.4b), 3'pBR, and the PCR primers used to amplify the 3' junction (see
below).
c. PCR primers to the zebrafish sequences in the 50/51 fragment were
used to clone by inverse PCR the sequences downstream of that region in
nontransgenic fish. Based on the distances of several restriction sites from
plasmid sequences in the M9B1 transgenic allele (seen in b) the predicted
arrangement of the endogenous locus prior to the M9B1 insertion (position
designated by w ) is shown in the event that the transgene insertion didn't
disturb the locus. A 1.4 kb Ncol site would span the point at which the M9B1
transgene integrated. The primers PC58 and PC59 were used in an inverse
PCR reaction on nontransgenic fish DNA and yielded a 1.3 kb fragment. Upon
sequencing the fragment, the primer PC60 was then designed to directly clone
(with PC61) the 3' junction fragment of the M9B1 transgene (seen in b).
flanking zebrafish sequences, - plasmid sequences, . point of
M9B1 insertion in the endogenous locus
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insertion of one transgenic line, M9B1, was examined more closely. Cloning,
from nontransgenic DNA, the region downstream of the 5' flanking sequences
of the M9B1 transgene and comparing them to the 3' host flanking sequences
would indicate the extent of rearrangements at the M9B1 locus. If insertion of
the transgene is a nondisruptive event, the 5' and 3' flanking sequences would
be adjacent in a nontransgenic fish. The restriction map of the M9B1 transgene
predicted that in the case of a nondisruptive insertion, a 4.5 kb EcoRV fragment,
a 5.55 kb EcoR1 fragment, and a 1.5 kb Ncol fragment would span the insertion
site (Figure 8c). This Ncol fragment would be small enough to clone using
inverse PCR. PCR primers (PC58 and PC59 in Figure 8c) were thus designed
to the fish sequences of the 50/51 PCR product to amplify a recircularized Ncol
digest of fish DNA. The expected 1.4 kb fragment resulted.
If the host chromosome had been extensively rearranged at the locus of
insertion of the transgene, the sequences present in the 58/59 PCR product
would not bear any relationship to those flanking the 3' end of the transgene. If,
however, the transgene had integrated without major disruption to the host
chromosome, sequences in the 58/59 product would be identical to those
flanking the 3' region of the transgene. Figure 9 shows a Southern blot
containing genomic DNA from a M9B1 heterozygote cut with three different
restriction enzymes, EcoRI, EcoRV, and Ncol. The blots were probed with the
58/59 PCR product (Figure 9a) and sequences from the extreme 3' region of the
transgene, pBR322 (Figure 9b), which detects only the 3' junction fragments in
these digests. Interestingly, in all three digests the 3' pBR probe hybridized to
bands of the same size as those detected with the 58/59 probe. The 58/59
probe hybridizes to 3 bands in each digest, one derived from the nontransgenic
locus, and one from the 5' junction. The bands of the 5' junction fragments are
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Figure 9. Southern analysis comparing the M9B1 transgenic locus with the
nontransgenic locus.
Genomic DNA from a fish heterozygous for the M9B1 transgene digested
with EcoRI (R), EcoRV (V), or Ncol (N) is hybridized with the 58/59 inverse PCR
product (a) or the 3' pBR probe, a region of the transgene which hybridizes only
to 3' junction fragments in these digests (b). The 3' pBR probe detects a 10 kb
EcoRI fragment, a 7 kb EcoRV fragment, and a 3 kb Ncol fragment. Bands of
similar sizes also hybridize to the 58/59 probe, in addition to the 5' junction
fragments - a 4.3 kb EcoRI fragment, a 1.6 kb EcoRV fragment, and a 2 kb Ncol
fragment (see Figure 2.3b). Also seen are the bands representing the
nontrangenic allele - an EcoRI fragment of approximately 6 kb, an EcoRV
fragment of 5 kb, and a Ncol fragment of 1.4kb. The sizes of these bands agree
very well with the estimates shown in Figure 2.3c.
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less intense than the others, due to the small region of the 58/59 probe which
overlaps with sequences present in this region. The third band in each digest
hybridizing to the 58/59 probe represents the 3' junction fragments (Figure 8).
'These 3' junction bands are the ones also detected with the probe derived from
the 3' region of the transgene. Interestingly, the sizes of the bands hybridizing
-to the 58/59 probe are similar to those predicted by the restriction map of the
M9B1 transgene (Figure 8c). This indicates that the genomic DNA at the point
of insertion is relatively undisturbed.
Sequence Comparison Between the Junction Fragments and the Endogenous
Locus in One Transgenic Line
In order to determine whether small insertions, duplications, or deletions
took place at the site of integration in M9B1, the sequence of the locus of
insertion in a nontransgenic fish was compared with that of the genomic DNA
flanking the transgene. The 58/59 product was sequenced. A PCR primer
(PC60 in Figure 8b and 8c) was then designed to the sequences in the 58/59
fragment which flanked the 3' end of the M9B1 transgene, based on the
presence of particular restriction sites present in that region. The PC60 primer,
used in conjunction with a primer from the 3' end of the transgene (PC61 in
Figure 8b), amplified the expected 1.4 kb fragment. The sequence of this PCR
product confirmed that it contained the 3' junction of the transgene. Sequence
comparison between the 3' junction (60/61), the 5' junction (50/51), and the
nontransgenic locus (58/59) revealed that upon insertion of the transgene, 12
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bp had been deleted from the host chromosome and 23 bp had been deleted
from the plasmid. This is shown schematically in Figure 10.
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Figure 10. Summary of the M9B1 Transgene Integration
Shown is a schematic of the integration of the RSV-P3gal plasmid
resulting in the M9B1 transgenic locus. Coincident random breaks in the
chromosome (left) and the plasmid (right) precede the joining of the genomic
sequences to the plasmid sequences (below). The result is a very clean
insertion, with 12 bp deleted from the host site, and 23 bp deleted from the
plasmid. ·........................ and represent the host sequences present at the 5'
and 3' junctions; ....... and are the plasmid sequences present at the
5' and 3' junctions.
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Discussion
In our studies, we have mated nineteen transgenic zebrafish lines to
homozygosity, and we have observed no embryonic lethal mutations linked to
the transgene in any of those lines. In addition, we have screened for viability
as adults and for fertility, and all of the nineteen lines are viable and fertile in the
homozygous state. Seventeen of the transgenic lines have also been screened
for mutations which exhibit a maternal component, and none of the offspring of
homozygous females displayed phenotypes in their offspring which were linked
to transgenic insertions.
In mating the transgenic lines to homozygosity, several mutant
phenotypes were observed; however, they were found not to segregate with the
transgene. The appearance of apparantly random mutations is not unexpected,
as the fish we have used in our experiments are not inbred. Non-inbred fish
can potentially harbor a large number of recessive lethal mutations in the
heterozygous state, which thus are not visible until several generations of
inbreeding have taken place. The lack of inbred lines has led to complications
in our analysis; one was a reduction in the general health, longevity, and fertility
of the increasingly inbred fish during our screen, particularly in generating the
F3 lines. Consequently, we were not able to judge the robustness or quantitate
fertility of the fish in our screen, and thus we would have not noted a phenotype
affecting such conditions. In addition, using non-inbred fish in our screen for
embryonic lethals, we frequently observed matings which resulted in a
significant percentage of embryonic death (Table 6). However, repeating the
matings with different F1 parents always resulted in at least one mating with a
high percentage of surviving embryos. The variable survival rates could
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indicate that a lethal mutation, independent of the transgene, was present in
some of the F1 fish in that transgenic line, resulting in some matings with a
lower offspring viablity. Alternatively, it is possible that the transgene may have
disrupted a gene important for early development, but other genes present in a
subset of the F1 fish interact with the mutated gene, partially masking the
phenotype of a mutation in a single gene. We do not believe that this latter
possiblity should be a significant problem in generating mutant phenotypes in
the zebrafish, as chemically-induced mutations result in recessive lethal
phenotypes in non-inbred fish at a frequency which is not abnormally low,
(Streisinger, 1981a, Chakrabarti, et. al., 1983, Walker and Streisinger, 1983,
and Mullins, et. al., 1994). However, there may be a somewhat reduced ability
to generate mutations due to strain differences. Without an inbred strain of
zebrafish, it will not be possible to determine the extent to which strain
variations affect the appearance of mutant phenotypes in the fish as has been
observed with a number of mouse mutations.
In addition to the transgenic lines screened for mutant phenotypes in the
studies described here, a number of other transgenic zebrafish lines have been
bred to homozygosity. These include two additional lines in our lab and at least
15-20 in other zebrafish labs (unpublished results and M. Westerfield personal
communication). Thus, the total number of transgenic zebrafish lines generated
by random DNA insertion which have been screened for mutations in the
homozygous state totals approximately 35-40, but no mutant phenotypes have
been observed. For comparison, in the mouse approximately 10% of
transgenic insertions, generated by random DNA integrations, results in a
discernible phenotype. The difference in the frequency of mutagenesis in the
mouse and the fish prompted us to examine what the basis for this difference
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might be. Genetic analysis had suggested that the transgenes were integrated
into the zebrafish chromosome, as the transgenes behaved in a Mendelian
fashion. To demonstrate molecularly that the transgenes had integrated into the
zebrafish genome, we have cloned the sequences flanking the transgenes from
two lines, 101 and M9B1. These flanking sequences are present in
nontransgenic fish, demonstrating that the plasmid had integrated into the
zebrafish genome.
A preference for integrations into repetitive elements of the zebrafish
genome could potentially explain the very low frequency of mutant phenotypes.
However, Southern analysis of the cloned genomic sequences flanking the two
transgenes demonstrated that these sequences were present in a single copy
in the genome. Thus, in the zebrafish it does not appear that DNA integrates
preferentially into repetitive elements.
Nonrandom integration of transgenes in the zebrafish genome might
result in a lower frequency of mutagenesis. Although the frequency of
mutagenesis by random insertions is quite high in the mouse, there is evidence
for the existence of "hot spots" of chromosomal breaks, thought to be the limiting
step in the integration of exogenous DNA (Brinster, et. al., 1985, Bishop and
Smith, 1989, Wilkie, et. al., 1991, Vogt, et. al. 1992). Although the numbers of
transgenes available to analyze is much more limited in the fish, we addressed
whether transgenic insertions occurred randomly among the lines we had
available. Using the two genomic flanking sequences we cloned as probes, we
examined 10 other transgenic lines for disruptions at these loci. Neither of the
loci appeared to be disturbed in any of the other transgenic lines examined,
indicating that at least the sites of integration in the M9B1 and the 101 lines
were not highly preferred spots of integration (data not shown). Thus, our
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limited analysis demonstrates that in the zebrafish, trangenes integrate into
unique sequences of the genome. These criteria, which are essential for
efficient insertional mutagenesis, have thus been met in the zebrafish and
cannot explain the lack of mutants observed by random DNA integration.
Assuming that the frequency of insertional mutants in the mouse is
approximately 10%, and the frequency thus far observed in the zebrafish is less
than 3%, we must ask whether the number of genes essential for viability are
equal in the fish and the mouse. Reports from those using the chemical
mutagen, ENU, to induce mutations in the zebrafish suggest that the number of
genes resulting in embryonic lethality in the zebrafish is similar to the number
estimated in the Drosophila (Jurgens, et. al., 1984, Nusslein-Volhard, et. al.,
1984, Wieschaus, et. al., 1984, Mullins, et. al., 1994). Interestingly, the total
number of essential genes is similar in the fly and the mouse (Carter, 1957,
Lyon, 1959, Jurgens, et. al., 1984, Nusslein-Volhard, et. al., 1984, Wieschaus,
et. al., 1984, Shedlovsky, et. al., 1986, Dove, 1987). Thus, if the ratio of
embryonic lethal genes and total genes is similar in the mouse, the fish, and the
fly, then the fish and the mouse may have similar numbers of essential genes.
Further analysis will be necessary in order to determine whether this
assumption is valid. If so, as the size of the mouse genome is less than twice
that of the zebrafish, approximately 1.6 x 109 bp (Hinegardner and Rosen,
1972), the density of essential genes and therefore the probability of
inactivating an essential gene by the random insertion of DNA would be similar
between the two organisms and could not explain the low frequency of
insertional mutants in the zebrafish.
The advantage of insertional mutagenesis as an approach to genetic
analysis of early development is that it provides a molecular tag with which to
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clone the gene responsible for the mutant phenotype. However, in the mouse,
although random DNA insertion results in a high frequency of mutant
phenotypes, in most cases the genes disrupted have not yet been identified.
Attempts to clone the mutated genes have revealed that although at some
transgene loci the insertion removes just several kilobases of host DNA
(Woychik,et. al., 1990, Radice, et. al., 1991), more frequently the genomic
regions are grossly rearranged upon insertion of the transgene into the
chromosome (Covarrubias, et. al., 1986, Mahon, 1988, Wilkie, et. al., 1991,
Francke, 1992, Mark, et. al., 1992, and Ratty, et. al., 1992). These chromosomal
aberrations render identifying the transcript responsible for the mutant
phenotype very difficult, or impossible. Chromosomal rearrangements are also
frequently observed in nonmutant transgenic lines in the mouse, as well as at
the sites of exogenous DNA integration in cultured mouse and rat cells.
(Robins, et. al., 1981, Wagner, et. al., 1983, Kato, et. al., 1986, Williams and
Fried, 1986, Hacker and Fluck, 1989).
The genomic rearrangements observed in the mouse upon random
integration of exogenous DNA may be partly responsible for the high frequency
of mutagenesis, as deletions, insertions, inversions, and translocation by
definition all affect more than one genomic locus. In support for this argument,
Singh, et. al. have shown genetically that the legless mutation, generated by
random DNA insertion and allelic with the situs inversus viscerum gene,
disrupts more than one gene (Singh, et. al., 1991). In contrast, the integration of
a retrovirus, which integrates without chromosome disruption, should affect a
much smaller region of the genome. This is reflected in a lower mutagenesis
frequency; approximately 5% of retroviral integrations results in a discernible
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phenotype (Palmiter and Brinster, 1986, Gridley, et. al., 1987, Spence, et. al.,
1989, and Weiher, et. al., 1990).
Given that viruses integrate without disruption to the genome, one would
expect a much lower frequency of insertional mutagenesis with retroviruses
than with random DNA integration. However, there is evidence for a preference
for retroviruses to integrate into actively expressed genes (Vijaya, et. al., 1986,
Rohdewohld, et. al., 1987). In addition, a viral integraion event can affect
sequences distant from the site of integration (Copeland, et. al, 1983a, Breindl,
et. al., 1984, Strobel, et. al, 1990).
Our molecular analysis of the M9B1 transgenic locus demonstrated that
in this insertion the transgene integrated with essentially no disruption to the
chromosome. If the M9B1 insertion site is indicative of other transgenic
insertion sites, the cloning of genes mutated by random DNA insertions in the
zebrafish may be as easily accomplished as with retroviral insertions in the
mouse. Unfortunately, the undisruptive integration of the M9B1 locus may also
contribute to the lower frequency of insertional mutagenesis in the fish when
compared with the frequency observed by random DNA insertion in the mouse.
However, the M9B1 integration sites may not necessarily be representative of
all zebrafish transgenic insertions. In order to assert that there is, indeed, a
difference between the mouse and the zebrafish in the mechanism of random
DNA integration, it is essential to examine the insertion sites of additional
transgenic zebrafish lines, especially those lines containing high copy numbers
of the plasmid sequences. The M9B1 transgenic line contains just a single
copy of the plasmid, which simplified our mapping of the transgenic line, but
Southern analysis of the plasmid sequences in transgenic lines with high copy
numbers have revealed numerous plasmid rearrangments (Chapter 2, Figure
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3). Although we have assumed that the rearrangements observed on Southern
blots are solely the result of plasmid rearrangements, we cannot rule out the
possiblilty that the host sequences are also rearranged and that the additional
bands are the result of additional host/plasmid junction fragments. In studies by
Stuart, et. al., one transgenic line which was generated by microinjecting linear
plasmid DNA appeared to contain concatamers of the plasmid, as are seen in
transgenic mice injected with linear DNA (Stuart, et. al., 1988). This transgenic
line harbored approximately 100 copies of the plasmid, and only two junction
fragments were detected by Southern analysis, suggesting that in this cases the
host sequences do not appear to be rearranged, although a large deletion
would not be detected in such an assay. Additional molecular analysis of the
junction fragments will be necessary in order to determine the state of the
integration sites in these transgenic fish. Also informative will be the
examination of insertion sites in any mutants resulting from random DNA
integration, as we could then make a more direct comparison to insertional
mutagenesis in the mouse.
One obvious difference in the development of the early embryo of the
mouse and the fish, the time at which microinjected foreign DNA integrates into
the host chromosome, is the difference in the length of the cell cycle in the two
organisms. The rapid cleavages in the early zebrafish embryo may necessitate
the continued presence of enzymes which can assist the integration of
exogenous DNA cleanly into the chromosome. A comparison of random DNA
integrations in the zebrafish embryo and in cultured zebrafish cells, which have
a longer cell cycle (Chapter 4), would be informative, as it would indicate
whether the differences between the mouse and the fish we have thus far
observed can be attributed to disparities in cell cycle length or whether there is
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truely a difference in the mechanism of integration between the mouse and the
zebrafish.
Differences in the methods of generating transgenic mice and zebrafish
could also potentially explain a lower frequency of insertional mutagenesis in
the zebrafish. The plasmid DNA is injected into the pronucleus of the mouse
embryo, as DNA injected into the cytoplasm rarely results in a transgenic animal
(Brinster, et. al., 1985). In contrast, transgenic zebrafish are generated by
injecting the exogenous DNA into the cytoplasm of the embryo. While the rapid
early cleavages in the zebrafish embryo may allow the injected DNA to come
into contact with chromatin during the repeated phases of mitosis and
subsequently integrate and generate germline transgenic fish, the state of the
DNA may be altered at the time of integration. In contrast, the mouse genome is
confronted with naked which integrates at random, often accompanied by
fragments of the mouse genome from previous injections. This may drastically
affect the way in which the plasmid DNA integrates and the resulting effect on
the genome. Thus, direct comparisons of the frequency of insertional mutants in
the zebrafish and the mouse given these differences in the procedure of
generating the transgenic animals may not be valid.
Finally, the lack of insertional mutants in the zebrafish could also be the
result of an insufficient number of trangenic lines examined. The frequency of
insertional mutants reported in the mouse literature is 10%, representing reports
where mutants were identified (Palmiter and Brinster, 1986, Gridley, et. al.,
1987, Meisler, 1992). However, it is possible that there is variability in the
frequency of insertional mutants from one laboratory to another, perhaps
reflecting slight differences in procedures for generating transgenic mice. A
laboratory which has observed no insertional mutants in a number of transgenic
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mice screened would not be likely to report the result. Thus, the actual
frequency of generating insertional mutants in mice may be lower than the 10%
reported in the literature. Additionally, as the transgenic zebrafish field is
relatively new, it is impossible to know at this point whether the procedures
currently followed for generating transgenic fish are optimal for the generation
of insertional mutants. With time and experience, this issue should be resolved.
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Chapter 4
Establishment of Cultured Zebrafish Cells and the Use of
Gene Trap Constructs to Assess the Density of Expressed
Genes in Zebrafish
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Introduction
Recent advances in the zebrafish field have made it possible to generate
efficiently transgenic zebrafish using either DNA injection or retroviral infection
to deliver exogenous sequences to the zebrafish genome (Chapter 2, Stuart, et.
al., 1990, Lin, et. al., 1994a). DNA randomly integrating into the genome has
the potential for disrupting a gene essential for development and has been
shown to be mutagenic in the mouse; approximately 10% of integrations of
exogenous DNA results in a mutant phenotype (Palmiter and Brinster, 1986,
Gridley, et. al., 1987, Meisler, 1992). A number of transgenic zebrafish lines
have also been screened for mutant phenotypes in the homozygous state.
Interestingly, out of 35-40 zebrafish lines screened, none has displayed a
discernible phenotype (Chapter 3 and M. Westerfield, personal
communication). Homozygous adults from at least twenty of these lines have
been identified, and they are fertile, nor have any maternal effect mutations
been identified in these lines.
The experiments described here have attempted to determine whether
random DNA integrations in the zebrafish are mutagenic. We have previously
shown that the transgenes are integrated into the zebrafish chromosome, and
exogenous DNA has the potential to integrate into single-copy sequences of the
zebrafish genome (Chapter 3). Thus, it is of interest to determine whether
plasmid DNA sequences have the potential to interrupt genes normally
expressed in the zebrafish and at what frequency exogenous DNA can insert
into active genes. For this study we have established a cultured cell line, PAC2,
which is highly transfectable and highly clonable, two important attributes for a
number of applications. We have introduced gene trap constructs, containing
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promoterless reporter genes into mouse and zebrafish cells in order to
determine the frequency of activation in the two cell lines. Our experiments
using gene trap constructs in PAC2 cells and mouse 3T3 cells have shown that
these two cell lines activate reporter genes with similar efficiencies, suggesting
that the random integration of plasmid DNA in the zebrafish has the potential to
be mutagenic.
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Materials and Methods
Maintenance of Fish and Strain Used
The fish used to generate embryos for the establishment of the cultured
cells were maintained essentially as described in Chapter 2. These fish are not
inbred and contain a mix of genotypes, including the alb-1, gol-1, and tup-1
alleles in the pool, all of which are recessive pigment mutations. The PAC2 cell
line was derived from embryos from a mating between an alb-1 heterozygous
female and and a male which was heterozygous for both alb-1 and tup-1. The
HetA cell line was derived from a mixed genotype female which was
homozygous for the M9B1 transgene and a nontransgenic male homozygous
for the tup-1 mutation.
Establishing Embryonic Fibroblast Cell Lines - PAC2 and HetA
Zebrafish embryos were prepared for culturing according to a procedure
slightly modified from that described in the Zebrafish Book (Westerfield, 1989).
At 24 hours of development the embryos were killed on ice, sterilized in .5%
Chlorox bleach in 50mg/I Instant Ocean for 2 minutes, then rinsed several times
with 10% Hank's Balanced Saline Solution. The embryos were then
dechorionated in .5mg/ml pronaseE for 2 minutes, followed by extensive
washes in 10% Hanks to wash away the pronase. Subsequently, the embryos
were placed into Ca+2-free Ringer's solution for 10-15 minutes and titurated
with a Pasteur pipette to partially dissociate the embryos. The resulting tissue
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was pelleted at 1200rpm for 7 min, resuspended in 1 ml Leibovitz (L-15) media,
then respun at 300rpm for 7 minutes. The pellet was resuspended in 4ml L-15
media supplemented with 50U/ml penicillin, 50pg/ml streptomycin, 15% fetal
bovine serum, and 5% embryo extract. Embryo extract is made by
homogenizing 3-day old zebrafish embryos in Ringer's solution at a
concentration of 100 embryos/mi. The cell suspension was then plated into one
60mm tissue culture dish and incubated at 280C or 320C in ambient air. The
cells were fed with fresh media every two days, and when confluent sections of
the plate were observed, they were dispersed with trypsin. One month after the
inital plating, a growing heterogeneous population of adherent cells were
present.
!Growth rate/Plating Efficiency Assay
'The growth rate was determined by counting the cells on a hemacytometer,
after which 104, 105, or 106 cells were plated onto 10cm tissue culture dishes.
2, 4, or 5 days later, the cells were trypsinized, pelleted, and counted using a
hemacytometer. For plating efficiency assays, cells were counted and serially
diluted to plate 1000, 100, and 10 cells onto 60mm dishes. After 10 days, the
colonies were visualized by staining the plates with .1% crystal violet in 50%
ethanol. Each time point on the growth curve and the plating efficiency assays
represented at least 2 independent experiments, in some cases performed in
duplicate, though in most cases the experiments were performed at least 3
times.
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Determination of DNA content of Cells
To prepare cultured cells for flow cytometry analysis actively growing
cells were trypsinized, counted using a hemacytometer, and pelleted in a 1.5ml
eppendorf tube at 1000g for 5 minutes. The supernatant was decanted, and the
cells were resuspended in the residual media by gently flicking the tube. 4001I
ml of stain solution (3% PEG 8000, 2.5 !g/ml propidium iodide, .1% Triton X-
100, 4mM sodium citrate, pH 8.0) was then added to the cells at a final
concentration of approximately 2x1 06 cells/mi. The cells were incubated at
370C for 20 minutes and 4001l of salt solution (3% PEG 8000, 2.5 Ig/ml
propidium iodide, .1% Triton X-100, 380 mM sodium chloride) was added. The
solution was mixed by gently inverting the tube several times, as the cells clump
readily in this solution. The cell suspension was then placed at 40C in the dark
for 45 minutes prior to flow cytometry analysis on a DNA FACSTAR PLUS. The
fluorescence of 10,000 cells was analyzed to generate profiles.
Primary cells were prepared for flow cytometry analysis as follows:
approximately 200 embryos at 24 hours of development were dechorionated as
described for cell culture preparation, followed by substantial washes in 50mg/I
Instant Ocean. The embryos were then rinsed several times in Ca+2-free
Ringer's solution, and placed into a 1.5 ml eppendorf tube, with approximately 1
ml of the Ringer's solution. The embryos were then dissociated into cells by
tituration with a Pasteur pipette until the solution was turbid. The
nondissociated chunks were allowed to settle, and the cell suspension was
transferred to a fresh tube. The cells were counted on a hemacytometer, then
spun at 1 000g for 5 minutes and resuspended and analyzed as described
above for the cultured cells.
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Construction of Gene Trap Constructs
pGT4.5A and pGT4.5A(ATG) were kindly provided by Alex Joyner, while
pSA3gal and pSApgeo were the generous gift of Philippe Soriano and Glenn
Friedrich.
The zebrafish wnt-1 intron and splice acceptor were amplified from
genomic DNA by the polymerase chain reaction using one primer to sequences
in the third intron (adding a Hindll site at the end of the primer for ease of
subcloning) and a second primer to sequences in the fourth exon, 3' of a BamHl
site in the exon (Molven, et. al., 1991). This PCR product was digested with
Hindll and BamHl and subcloned into the pGT4.5A plasmid, which had been
digested with Hindlll/BgIll, thus replacing the mouse engrailed-2 intron, splice
acceptor, and exonic sequences of pGT4.5A with 1.4kb of the zebrafish wnt-1
intron, splice acceptor, and exonic sequences. This construct, named pWLN,
contains 54bp of the fourth exon downstream of the splice acceptor. The
reading frame of the wnt-1 protein in the exon sequences are not in frame with
the lacZ reporter gene; however, as there are no stop codons in any of the three
reading frames in this region, a fusion protein with novel sequence would be
generated.
The pWLN(ATG) construct was generated by PCR amplifying the wnt-1
intron and splice acceptor from genomic DNA using the same upstream primer
as used to generate pWLN. A downstream primer in the region of the BamHI
site of the exon sequence was used and introduced a Kozak-consensus ATG
within a Ncol site (Kozak, 1987). The resulting 1.5kb PCR product was digested
with Hindll and Ncol and ligated to the .8 kb Ncol/Clal and the 7.1 kb Clal/Hindlll
fragments derived from the pGT4.5A(ATG) construct, thereby replacing the
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mouse engrailed intron/exon sequences with those from the zebrafish wnt-1
gene.
The pNWLN(ATG) gene trap construct was made by replacing the
Ncol/Clal region (the ATG and 5' region of lacZ) of pWLN(ATG) with an
Ncol/Clal fragment from pnlacF, which includes an ATG, a SV40 nuclear
transport signal, and the 5' region of the lacZ gene. pnlacF was a gift of Larry
Moss.
The pSAneo construct was made by linearizing the pSAI3geo construct in
a partial Smal digest, followed by a HindlIl digest. This eliminates the Kozak-
consensus ATG and the lacZ portion of the geo gene. A Klenow reaction to fill
in the HindIll site, followed by reclosure of the plasmid results in a 4.3kb
construct with the neo gene downstream of the intron, spice acceptor, and exon
sequences of the Adenovirus major late transcript. The pWN gene trap was
constructed by ligating the 4.2kb BamHI/Kpnl fragment of pWLN, containing the
pUC18 vector sequences and wnt-1 intron, splice acceptor, and exon
sequences, to the 1.2kb Smal/Kpnl fragment of pSApIgeo, which contains the
neomycin resistance gene and polyA sequences. In both of the neo trap
constructs, an in-frame ATG remains at the start of the neo gene, although it
does not fit the Kozak consensus.
The pWogeo gene trap was made by replacing the 4.3kb Clal/Kpnl
fragment of pWLN with the 3.4kb Clal/Kpnl fragment of pSApgeo. This replaces
the 3' region of the lacZ gene and 3-actin-neo gene of pWLN with the 3' region
of the Digeo gene. The pW3geo(ATG) was constructed in a similar manner from
pWLN(ATG) and pSAgeo.
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Transfection of Plasmid DNA into Cells
Plasmid DNA was linearized with the appropriate restriction enzyme and
prepared for transfection by phenol/chloroform extractions and ethanol
precipitation. pWLN, pWLN(ATG), pGT4.5A(ATG), pWgeo, pWpgeo(ATG), and
pWN were linearized with Hindill, which cuts once within the plasmid at the
beginning of the intronic sequences in each of the gene traps. pSA3gal,
pSA3geo, and pSAneo were digested with Dral which cuts only within the
vector sequences of the plasmid.
Calcium phosphate transfections were performed using the method of
Andersson, et. al., 1979. Briefly, a confluent plate of cells was split 1:20 onto
1 Ocm plates 24 hours prior to the transfection. 20-40plg of the appropriate
linearized plasmid was added to .5ml of 1 X Hepes Buffered Saline (HBS). 31 41
of 2M CaC12 was pipetted in, and the tube flicked vigorously to mix. The
precipitate was allowed to form for 40 minutes; it was then placed onto the cells
for 20 minutes, rocking occasionally to keep the cells moist, after which the cells
were fed with 10 ml of media. 4 hours later, the cells were subjected to a
glycerol shock. The media was aspirated, and 2ml of 15% glycerol in 1XHBS
was placed onto the cells for 3 minutes. The plates were then washed with
media and fed with fresh media. The cells were split 1:5 two days later into
media containing .5mg/ml G418 (Gibco/BRL). The cells were subsequently fed
every 3-4 days with fresh media containing G418 until colonies were visible, 7-8
days for 3T3 and 12-14 days for PAC2.
XGAL assays were performed by fixing the cells in 12.5% glutaraldehyde
in Phosphate Buffered Saline (PBS) for 10 minutes, followed by several washes
with PBS. The stain solution (1 mg/ml XGAL, 5 mM potassium ferrocyanate, 5
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mM potassium ferricyanate, 2mM MgCI2 in PBS) was then placed onto the
plates and incubated at 370C from several hours to overnight.
Crystal violet visualization of the colonies was performed as described
above.
Electroporations were performed in triplicate using a Bio-Rad Gene
Pulser with a .4cm electroporation cuvette containing .8ml of a cell suspension
at 107 cells/ml for PAC2 and 1 06 cells/ml for 3T3 in the presence of 20 !ig/ml of
the appropriate linearized plasmid. PAC2 cells were subjected to a pulse of
340V/250pF, while the 3T3 cells received a pulse of 280V/250pF. Before and
after the electroporation, the cells were incubated on ice for 10 minutes.
Subsequently, each sample was plated onto 7 10 cm dishes, and the cells were
placed into selection (.5mg/ml G418) 24 hours later for 3T3 and 48 hours later
for PAC2. The media was subsequently replaced every 3-4 days until colonies
were visible, at which time the plates were stained with crystal violet or XGAL as
described above, with slight modifications in the XGAL staining. The plates
were fixed in a solution of 2% paraformaldehyde/.1% glutaraldehyde in PBS
supplemented with 2mM MgC12 (PBS/M). The washes were carried out with
.1% Triton X-100 in PBS/M, followed by staining under the same conditions as
above.
Southern and Northern analysis
Genomic DNA was isolated from cultured cells by overlaying the cells
with 4 ml of lysis buffer (Chapter 2) and incubated at 370 C for several hours.
The cells were then scraped into a tube and placed at 450 C overnight, followed
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by phenol/chloroform extractions and an ethanol precipitation to collect the
DNA. Southern analysis was performed as described in Chapter 2. The ZF21
probe was prepared from a gel-purified PCR product amplified from genomic
DNA utilizing the primers PC23 and PC24 (Chapter 2). The neo probe was
derived from the 1.0kb Bglll/Nrul fragment of pSV2neo, which contains the
entire coding region of the gene. Total RNA was isolated from cultured cells by
lysing a subconfluent plate of cells in guanidinium isothiocyanate lysis buffer,
followed by centrifugation through a cesium chloride cushion as described in
Chapter 2. 10-151gg of total RNA was electrophoresed in a 1% agarose gel
containing 2.2M formaldehyde in 1X MOPS buffer (40mM MOPS pH 7.0, 10mM
NaOAc, 2mM EDTA). The RNA was transferred to nitrocellulose as described in
Ausubel, et. al., 1987, and hybridized under the same conditions as for
Southern blots.
Cloning Fusion Transcript by 5'RACE
The 5' RACE kit from Gibco/BRL was utilized to isolate the fusion
transcript from the neo trap clone, pSAneo.48. Briefly, 1 gIg of total RNA was
annealed with 2 pmole of PC70 (5'CAAGGTGAGATGACAGGAG-3'), a primer to
the neo gene, and first strand cDNA synthesis was achieved with Superscript
Reverse Transcriptase. The cDNA was purified through a Glass Max column,
followed by C-tailing with terminal deoxytransferase (TdT), and amplified in a
PCR reaction containing 20 pmole each of the anchor primer provided by the kit
(which contains a G/l-tail) and PC71 (5'-CTTCAGTGACAACGTCGAGC-3'), a
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primer to the neo sequences, internal to PC70 (Figure 20). The polymerase
chain reaction was performed using the reagents supplied by the kit in the
following reaction: the DNA was denatured for 5 minute at 94°C, after which
2.5U of Taq DNA polymerase (Boehringer Mannheim) was added;
subsequently, the amplification included 40 cycles of a denaturation step at
95°C for 1 minute, an annealing step of 1 minute at 57°C, and an elongation
step of 2 minutes at 720°C. A final 720°C step of 10 minutes was also included. A
400bp product resulted. A second PCR reaction using a internally-nested
primer, PC72 (5'-CGATGGATCCAGCCGATTGTCTGTTGTGC-3') (Figure 20)
and the UAP primer provided in the kit resulted in the expected reduction of
approximately 150bp in the PCR product. After digestion with Sail (present on
the UAP primer) and BamHl (present on PC72), the PCR product was
subcloned into Bluescript SK+ (Stratagene) for sequence analysis.
RNase Protection Analysis
A shortened version of the 5' RACE product derived from the pSAneo.48
clone was generated. This clone, 48RACEA was sequenced and contained
only 52 bp of the novel upstream sequence. 48RACEA was linearized with
Eco01091, and a radiolabeled antisense RNA probe was produced using T3
RNA polymerase (New England Biolabs). RNase protection analysis was
performed essentially as described in Chapter 2.
122
Results
Growth of Cultured Embryonic Zebrafish Cells
Partially-dissociated zebrafish embryos were placed into culture at 24
hours of development. Within several days, masses of tissue had adhered to
the dish and large sheets of cells had begun to spread out from the rest of the
tissue. These sheets were periodically dispersed into single cells with the use
of trypsin, and four weeks after the initial plating a heterogeneous population of
cells was established. Two fibroblast-like cell lines were initially established at
280C and named PAC1 and PAC2; PAC2 displayed better growth properties so
was used for subsequent experimental analysis.
Subsequently, a second cell line was established at 320C, and these
cells were derived from embryos heterozygous for the M9B1 transgene (see
Chapter 2 and 3) and termed HetA. The cells in this cell line are also
heterogeneous in morphology, and the majority of the cells in the culture
appear to be fibroblastic.
Determination of Growth Rate and Plating Efficiency
As zebrafish can be maintained over a large range of temperatures, from
23-32°C, it is possible that cells derived from them would also be viable over at
least a similar range. The PAC2 cells were placed into culture at 320C, and the
growth rate was compared with that at 280 C, the temperature at which they had
been established. As shown in Figure 11, the doubling time of the cells at 28°C
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Figure 11. Comparison of Growth Rate of PAC2 Cells at 280 C and 32°C
PAC2 cells were counted and 106 or 105 cells were plated, incubated at
either 320 C (---) or 280°C ( ---- ) and counted 2 or 4 days later as indicated
on the graph. The variance from the average number of cells counted is
indicated by error bars.
124
0 1 2 3 4 5
'---- 32
-- ---- 28
Days after plating
125
106
el
E
C:
_,
c,
105
is approximately 36 hours, while at 320C the cells show an increased growth
rate, doubling approximately every 24 hours. The cells were subsequently
maintained at 320C to accelerate long-term experiments. The HetA cell line,
which was established at 320C, exhibits a growth rate of approximately 28
hours, slightly slower than that of PAC2 cells at 320C (Figure 12).
The cell lines were then assayed for their dependence on embryo
extract. The cells were grown in media with and without embryo extract, and it
was discovered that the HetA cells absolutely require embryo extract for
survival. When Het A cells are grown in the presence of embryo extract the
growth rate is independent of initial cell density (Figure 12). However, in the
absence of embryo extract, the cell density greatly affected the survival rate.
When 106 cells were plated, only 67% of the cells were present after two days
of growth (Figure 12). At a lower density of plating, 105 cells, an even lower
percentage of the cells survived; 2 days after plating, approximately 1000 cells
remained (data not shown), and 5 days after plating, no live cells could be
detected. When 104 cells were plated without embryo extract, an unassayable
number of cells remained after 2 and 5 days of growth (data not shown).
PAC2 cells, in contrast, are not absolutely dependent on supplemental
embryo extract for growth. The cells showed little difference in their growth
rates whether they were grown in the presence or absence of embryo extract
when plated at a high cell density, 106 cells (Figure 13a). However, at lower
cell densities, while the cells grown in the presence of embryo extract maintain
their constant doubling time of approximately 24 hours, the cells grown in the
absence of embryo extract displayed a slower growth rate at lower plating
densities. Intermediate concentrations of embryo extract displayed intermediate
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Figure 12. Growth Rate of HetA Cells and Requirement for Embryo Extract
Het A cells were counted and 106, 105, and 104 cells were plated on a
10 cm plate, in the presence ( - ) or absence ( ---- ) of embryo extract.
The cells were grown at 320C and the number of viable cells was counted after
2 or 5 days as indicated in the graph. The growth rates of HetA cells plated at
105 and 104 cells per plate without embryo extract are not shown, as the
number of viable cells dropped significantly to below the limit of detection. The
variance from the average number of cells counted is indicated by error bars.
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Figure 13. Requirement for Supplemental Embryo Extract on the Growth Rate
of PAC2 Clls
PAC2 cells were counted and 106, 105 , or 104 cells were plated on a
10cm plate and grown at 320°C in media supplemented with 5% -
2.5% -- *.-. ,1% -- , or no ---- embryo extract. The cells were
counted 2, 3, or 5 days after plating, as depicted in the graph. (a) The growth
rate of the cells is not affected significantly by the absence of embryo extract at a
high cell concentration, but at lower cell densities the growth rate is dramatically
slower in the absence of embryo extract. (b) The results of PAC2 cell growth in
media supplemented with intermediate concentrations of embryo extract (2.5%
and 1 %) is compared with the growth rates depicted in (a). The intermediate
concentrations of embryo extract result in intermediate rates of growth at the
lower cell densities. The variance from the average number of cells counted is
indicated by error bars.
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growth rates at lower cell densities (Figure 13b). The apparently slower growth
rate of cells in the absence of embryo extract could be the result of an increased
doubling time; alternatively, it could be the result of cell death in a population of
the PAC2 cells which have a higher requirement for embryo extract.
The cloning efficiency of the cells was tested by plating the cells at very
low densities and counting the number of colonies which could be produced.
The cloning efficiency of PAC2 cells is rather high in the presence of embryo
extract, on average approximately 60% of the cells can form colonies (Table 8).
In the absence of embryo extract, however, the cells are not highly clonable,
and the colonies that do appear are much smaller in size than those grown in
the presence of embryo extract (data not shown). The smaller colony size
indicates that there is an increase in the doubling time of the cells when grown
in the absence of embryo extract, in addition to the cell death observed by the
fewer numbers of colonies. HetA cells form colonies very inefficiently, even in
the presence of embryo extract; in the absence of embryo extract, no colonies
were ever detected. In contrast, by plating a small number of HetA cells onto a
feeder layer of y-irradiated PAC2 cells, HetA colonies can form very efficiently,
demonstrating that factors excreted by other cells or cell-cell interactions are
important for HetA cell growth (data not shown).
Confirmation of Zebrafish Origin of Cell Lines
In order to confirm that the PAC2 and HetA cells are of zebrafish origin,
genomic DNA from zebrafish embryos and cultured PAC2, HetA, and 3T3
(mouse) cells, was hybridized with a probe derived from a single-copy zebrafish
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Table 8. Plating Efficiencies of PAC2 and HetA Cell Lines
Number of Cells Plated Number of Colonies Recovered
1000
PAC2 +EE
TMTC
62 (6)
6 (2)
100
10
PAC2 -EE
23 (5)
1(1)
1(1)
HetA +EE
61 (8)
4 (1)
0
HetA -EE
0
0
0
TMTC - too many to count
Cells were plated in the presence (+EE) or absence (-EE) of embryo extract
Numbers indicate the average number of colonies recovered in three
independent experiments with the deviation from the mean shown in
parenthesis
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gene, ZF21 (Figure 14a). This probe detects a band present in the zebrafish
embryos, as well as in the PAC2 and HetA cells, but not in the mouse cells,
verifying that both of these cultured cell lines are indeed of zebrafish origin. The
ethidium stain of the Southern gel before transfer (Figure 14b) demonstrates
that although the 3T3 cells did not hybridize to the zebrafish probe, DNA was
present in those lanes.
Determination of DNA Content in Cells
The DNA content of the cultured cells was compared to that of primary
cells by propidium iodide staining of the DNA in intact cells, followed by flow
cytometry (Figure 15). In each sample, the first peak represents the number of
cells in the Go and G1 phases of the cell cycle, while the second peak, at
approximately twice the fluorescence of the Go/G1 cells, are those cells in G2
and undergoing mitosis. Cells derived directly from embryos contain some
debris, seen by the small peak of fluorescence just in front of the Go/G1 cells.
PAC2 cells, which have been maintained in culture for more than a year, exhibit
a DNA content profile very similar to that of primary cells. The first peak in PAC2
cells, the Go/G1 cells, contains approximately the same fluorescence of Go/G1
primary cells (single arrow). The second peak in the PAC2 sample,
representing the cells in G2 and M, also displays a similar peak of fluorescence
as the G2/M primary cells (double arrow). Computer analysis determined that
the centers of both fluorescence peaks in the PAC2 cells are very similar to the
centers of the peaks in the primary cells. These data indicate that PAC2 cells
contain a similar amount of total DNA per cell as cells in a zebrafish embryo.
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Figure 14. Confirmation that PAC2 and HetA Cell Lines are Derived from
Zebrafish
(a) Genomic DNA isolated from PAC2 cells (lane 1), HetA cells (lane 2),
zebrafish embryos heterozygous for the M9B1 transgene (lane 3), and two 3T3
cell lines (lanes 4 and 5), was hybridized to a probe derived from the single-
copy zebrafish gene, ZF21. A band is detected in the zebrafish DNA, as well as
in DNA from the two cell lines, but not in the mouse DNA. (b) The ethidium stain
of the gel before transfer demonstrates that mouse DNA was present in the
indicated lanes. Lane 4 contains DNA from a clone of 3T3 cells which
expresses lacZ, clone 6.6; lane 5 contains DNA from mouse 3T3 cells.
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Figure 15. Comparison of the DNA Content in PAC2 and HetA Cell Lines with
the DNA Content of Primary Zebrafish Cells
Cells were prepared for flow cytometry analysis as described in Methods
and Materials. The cells derived from zebrafish embryos at 24 hours of
development display two peaks of fluorescence, indicated by the arrows. The
first peak represents the cells in Go and G1 phases of the cell cycle (single
arrow), while the second peak consists of cells in the G2 phase and in mitosis
(double arrow). The PAC2 cells display peaks of fluorescence at almost the
same position as the primary cells. The Het A cell line comprises two
populations of cells, one which contains slightly more than a diploid amount of
DNA. The Go/G1 cells of the first population are of slightly higher fluorescence
than the Go/G1 cells of the PAC2 and primary cells. The G2/M cells of that
population are in the second peak, which is of slightly higher fluorscence than
the G2/M peak of the PAC2 and primary cells. The second peak of the HetA
cells also contain the Go/G1 cells of a second population of cells; the G2/M cells
of that population are in the third peak of the HetA sample (triple arrow).
136
a) O C 0(.)-o..
137
E 
a.
i
I
I
I
I
I
-I
1
L 
--
-
dl'V
I
i
I
I
I
Interestingly, the HetA cells, after approximately six months in culture,
appear to comprise at least two populations of cells, as assayed by their DNA
content (Figure 15); one population contains a similar, though slightly higher,
amount of DNA as in primary cells (seen by the small peak with a peak of
fluorscence similar to that of the Go/G1 primary cells). This represents the
Go/G1 cells of that population. The second peak in the HetA cell population,
seen by the large peak of slightly higher fluorescence than that of the G2/M
primary cells, represents the G2/M cells of the first population, as well as the
Go/G1 cells of a second population of HetA cells which contain slightly more
than twice the normal amount of DNA. The G2/M cells of this second population
are represented by the the third peak of fluorescence in the HetA cell sample
(triple arrow), at about twice the intensity of the HetA second peak. The
intensities of fluorscence of these several peaks in the HetA cells is also
consistent with the presence of two populations of cells as described.
Computer analysis of the profile of the primary cells indicates that
approximately 60% of the cells are in Go and G1, while 10% are in G2 and M
phases. The remaining 30% of the cells (present in the trough between the
Go/G1 cells and the G2/M cells) are in S phase, indicating that a high proportion
of cells are proliferating in the embryo at 24 hours of development (data not
shown). The fluorescence profile of PAC2 cells indicates that approximately
78% of PAC2 cells are in Go/G1, while 7% are in the G2/M phase. The
remaining 14% are in S phase, indicating that a smaller proportion of PAC2
cells are actively proliferating at any given time than are primary cells. This is
not surprising, given that the doubling time of the PAC2 cells (24 hours at 320 C)
is expected to be longer than that of cells in an embryo at 24 hours of
development. It is difficult to obtain accurate estimates of the percentage of
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HetA cells in each phase of the cell cycle given the multiple populations of cells
in this sample. Computer approximations of the percentage of cells in each
HetA population estimate that 15% of the cells are approximately diploid while
85% are pseudo-tetraploid.
Frequency of Uptake of Exogenous DNA
Optimal conditions for stable transfection of PAC2 cells by
electroporation were determined with the use of a plasmid containing the
neomycin resistance gene driven by the mouse PGK promoter. Using the
parameters of 360V/2501F, approximately 1.2x1 0-5 cells is stably resistant to
the drug G418. However, only 6% of the cells survive the electroporation
process. This results in a much higher electroporation efficiency of 1.93x10-4/
surviving cell. In comparison, 3T3 cells electroporated at 280V/2501gF become
neomycin resistant at an efficiency of 1.84x1 0-4 /cell. The survival of the 3T3
cells is much higher, 80%, resulting in a net efficiency of 2.3x10-4/ surviving
cell, which is comparable to the net efficiency of the PAC2 cells.
Use of gene trap constructs in cultured cells to assess density of expressed
genes
In order to compare the relative densities of expressed genes in the
mouse and the fish, gene trap constructs were introduced into cultured cells
from both species. This assay relies on the use of promoterless reporter genes,
thus demanding integration of the plasmid DNA into the vicinity of an expressed
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gene, either in the coding region, or in an intron, to detect expression of the
reporter. The gene traps used in the studies described here are shown in
Figure 16. All of the constructs contain a reporter gene, with a polyadenylation
signal, downstream of intronic sequences and a splice acceptor. Integration of
the trap construct into the intron of an expressed gene results in a transcript
which may utilize the splice acceptor in the trap during RNA processing, thus
generating a fusion transcript and resulting fusion protein. In addition, some of
the trap constructs contain a ATG upstream and in frame with the reporter gene.
The ATG in the trap construct can be used as a translation initiation codon in the
event that the trap integrates close to an active promoter or in the event that in
processing the fusion transcript is spliced to a splice donor in the endogenous
gene which lies upstream of the endogenous ATG. The addition of an ATG in a
gene trap construct results in an increased reporter gene activation of
approximately 3-fold in mouse ES cells (J. Rossant, personal communication).
One set of gene traps, the lacZ traps (Figure 16), contains a promoterless
bacterial -galactosidase gene downstream of an intron and splice acceptor. In
addition, these constructs contain a gene conferring neomycin resistance driven
by the promoter from the mouse -actin gene. Introduction of these gene traps
into cultured cells, followed by selection in G418 allows for an assessment of
the total number of gene trap integrations. Subsequently, the frequency with
which the constructs integrate into expressed genes can be assessed by XGAL
staining the neo-resistant colonies to detect 3-galactosidase activity. The lacZ
gene traps were introduced by calcium phosphate transfection into cultured
fibroblasts derived from the mouse (3T3) and the zebrafish (PAC2). The results
are shown in Table 9. In agreement with previous reports of the pGT4.5A(ATG)
gene trap construct in mouse ES cells (J. Rossant, personal communication),
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Figure 16. Gene Trap Constructs
Gene trap constructs were generated as described in Materials and
Methods and are depicted as digested prior to transfection. The lacZ gene traps
contain the -galactosidase gene downstream of a splice acceptor from the
mouse engrailed-2 or the zebrafish wnt-1 gene. In addition, the gene conferring
neomycin resistance is driven by the mouse -actin promoter. The presence or
absence of an upstream ATG is indicated, as is the presence of polyadenylation
signals (pA). The thin box shows the location of intronic sequences upstream of
the splice acceptor, while the short box immediately following the splice
acceptor represents the exon sequences downstream of the splice acceptor
included in the constructs. NLS: nuclear localization signal at the 5' end of the
lacZ reporter gene in the pNWLN(ATG) gene trap construct. The neo and O3geo
trap constructs contain the neomycin or geo gene downstream of a splice
acceptor, either from the adenovirus major late transcript or from the zebrafish
wnt-1 gene. The constructs used to control for transfection efficiency are also
indicated; pSA3gal contains the neomycin gene driven by the mouse PGK
promoter, and the EFgeo construct contains the 3geo gene under the control of
the Xenopus elongation factor 1-a gene.
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Table 9. Calcium Phosphate Transfection of Cultured Zebrafish and Mouse
Cells with LacZ Gene Trap Constructs
Construct Cell line XGALneor *
pGT4.5A(ATG) 3T3 1551 71 1/22
PAC2 2664 4 1/666
pWLN(ATG) 3T3 3057 126 1/24
PAC2 4390 1 1/4390
pWLN 3T3 1743 25 1/70
PAC2 3562 0 0
* The fraction of neo resistant colonies which is XGAL positive is indicated
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approximately 1 in 20 integrations in 3T3 cells results in the activation of the
lacZ reporter gene. However, in the zebrafish cells, only 1 in 600 of the neo
resistant colonies stained positive for 3-galactosidase activity by the XGAL test.
As the pGT4.5A(ATG) gene trap construct contains a splice acceptor
derived from a mouse gene, it is possible that the zebrafish cells do not
efficiently recognize the mouse splice acceptor, which would explain the very
low frequency of lacZ reporter gene activation observed in the PAC2 cells
transfected with this construct. The possibility that the mouse splice acceptor
was responsible for the low frequency of lacZ-positive colonies in PAC2 cells
was tested by assaying the efficiency of lacZ activation using a new gene trap
construct which replaced the mouse intron and splice acceptor sequences with
an intron and splice acceptor from a zebrafish gene, the zebrafish wnt-1 gene.
This new construct, pWLN(ATG) was then introduced into mouse and fish cells
via calcium phosphate transfection. In 3T3 cells the frequency of lacZ activation
with the pWLN(ATG) gene trap construct was very similar to that observed with
the pGT4.5A(ATG) construct; again, in fish cells, the frequency of XGAL positive
cells was very low. A plasmid identical to pWLN(ATG) but which lacks the ATG
was also constructed and introduced into mouse and fish cells. This gene trap
construct, pWLN, resulted in approximately a 3-fold lower frequency of lacZ
activation in 3T3 cells when compared with the frequency observed with the
pWLN(ATG) construct. This is consistent with the previously reported 3-fold
reduction in lacZ activation in mouse ES cells transfected with a gene trap
which lacks an ATG, when compared with the frequency observed using a gene
trap which contains an upstream ATG (J. Rossant, personal communication).
When pWLN was introduced into fish cells, out of over 3000 neomycin resistant
PAC2 colonies, none stained positive by the XGAL test.
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The Use of Neomycin Resistance as an Alternative Reporter in Gene Trap
The results from the lacZ trap transfections were puzzling, as previous
experiments employing transient transfections of the lacZ reporter gene driven
by constitutive promoters had resulted in XGAL-positive PAC2 cells at a
frequency similar to that seen in 3T3 cells (data not shown). Thus, PAC2 cells
were capable of expressing an active form of the P-galactosidase protein which
was detectable by the XGAL test, though no experiments had been performed
to test whether expression of lacZ in cultured fish cells could be maintained in a
stable fashion. In the event that the lacZ gene was, in fact, problematic in fish
cells, new gene trap constructs, which contained a different reporter gene, were
generated. The reporter chosen was the gene conferring neomycin resistance,
as it had been shown that this gene could be stably expressed in fish cells
under a variety of constitutive promoters, including those from the mouse
phosphoglycerate kinase-1 (PGK) gene, the Rous Sarcoma Virus LTR, the
SV40 origin, and the mouse -actin gene (unpublished observations). The trap
constructs containing the neomycin resistance gene as the reporter, are shown
in Figure 16 (below the diagram of a construct containing the PGK promoter
driving the neomycin resistance gene). These neo traps contain the neomycin
resistance gene downstream of an intron and splice acceptor, either from the
zebrafish wnt-1 gene or from the adenovirus major late transcript, and an ATG,
upstream and in frame with the reporter gene. These trap constructs were
introduced into fish and mouse cells via electroporation. The frequency of gene
trap activations was assessed in the two cell lines by comparing the number of
neomycin resistant colonies resulting from the trap construct transfection with
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the number obtained when transfected with a construct containing the neomycin
resistance gene driven by a constitutive promoter, the mouse PGK promoter.
The results are shown in Table 10. In this experiment, the frequency of gene
trap activations in 3T3 cells is approximately 1 in 18 from the pSAneo construct,
which is similar to the frequency of lacZ positive mouse cells obtained by
transfection of the lacZ trap constructs. Interestingly, in PAC2 cells, the
frequency of reporter gene activation from the pSAneo trap construct is very
similar to the frequency observed in the 3T3 cells with this construct,
approximately 1 in 21. The pWN trap construct results in a slightly lower
efficiency of neomycin resistant colonies in both cell lines, approximately 1 in 27
in mouse cells, and 1 in 25 in fish cells. These data indicate that the frequency
of gene trap activations is very similar in the two cell lines.
The Use of Ngeo Gene Traps in Mouse and Zebrafish Cells
The above experiments comparing the efficiency of gene trap activations
in the fish and the mouse revealed different results depending on whether the
reporter gene in the construct was neo or lacZ. In experiments utilizing the neo
trap constructs, the frequency of reporter gene activation is very similar between
the two cell lines, while the lacZ trap constructs result in an aberrantly low
frequency of activations in the fish cells. The inefficiency of lacZ as a reporter
gene in fish cells could explain the difference in the experimental results.
However, the two different gene trap experiments were performed using
different methods of transfection; calcium phosphate transfection was used in
the lacZ trap experiments, while the neo trap constructs were delivered to the
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Table 10. Electroporation of Cultured Zebrafish and Mouse Cells with a Neo
by the PGK Promoter and with Neo Gene Trap Constructs
Construct
PGKneo
(pSAJIgal)
pSAneo
pWN
Cell line
3T3
PAC2
3T3
PAC2
3T3
PAC2
#neor from trap/PGKneo *
1138
864
63
43
42
17
1/18
1/21
1/27
1/25
* Assuming the efficiency of DNA uptake and integration is similar between the
different electroporation experiments with the various DNA constructs, the
frequency of gene trap activations can be derived from the ratio of the number of
neomycin resistant colonies from a neo gene trap to the number obtained when
neo is driven by a promoter included on the construct.
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cells via electroporation. In an effort to fully explain the very low level of lacZ
trap activations in fish cells, it was necessary to compare the frequency of trap
activations in the cell lines using the two different transfection procedures. In
addition, use of the pgeo reporter gene, a fusion of the 03-galactosidase and
neomycin resistance genes, could resolve whether lacZ was problematical in
fish cells. Previous work has shown that when the f3geo reporter gene, either
under the control of a constitutive promoter or in a trap construct, is introduced
into cultured mouse cells, a high percentage (80-95%) of cells which are
resistant to neomycin are also XGAL positive (Friedrich and Soriano, 1991, and
unpublished observations). Thus, experiments utilizing the pgeo gene traps in
cultured fish and mouse cells were undertaken to determine at what frequency
neomycin resistant fish cells would be generated and whether a high
percentage of neomycin resistant colonies would also be XGAL positive.
The Ageo traps contain an intron and splice acceptor, and some contain
an ATG upstream and in frame with the geo reporter gene. The 13geo trap
constructs were introduced into fish and mouse cells via electroporation or
calcium phosphate transfection. The results are shown in Table 11. In the
electroporation experiment, the efficiency of transfection between the two cell
lines is controlled by comparing the frequency of neomycin resistant colonies
when cells are electroporated with a construct containing the pgeo gene under
the control of a constitutive promoter, from the Xenopus elongation factor 1-a
gene, EFgeo. Electroporation of the 3geo trap constructs results in frequencies
of gene trap activations of approximately 1 in 20 in both 3T3 and PAC2 cells,
which is consistent with the results obtained using the neo trap constructs. As
expected, a high percentage of the neomycin resistant mouse cells are also
positive
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Table 11. Transfection of Cultured Zebrafish and Mouse Cells with B-geo Gene
Trap Constructs
Electroporation:
Cell line #neo r neor with tra/EFaeo* %XGAL Dositive**
414 94 (337/358)
PAC2 391
pW3geo(ATG)
21
97 (172/177)
1/20
18
16
1/22
1/25
14 1/28
82 (14/17)
0 (0/11)
80 (12/15)
80 (0/5)
Calcium Phosphate Transfection***:
Construct Cell line #neor %XGAL positive**
pWgeo(ATG) 3T3
PAC2
pWgeo 3T3
PAC2
52
25
36
19
86 (24/28)
0
58 (14/24)
0
(continued on next page)
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Construct
EFgeo 3T3
pSAJ3geo 3T3
PAC2
3T3
PAC2
* Assuming the electroporation frequency is similar between the different
electroporation experiments, the frequency of gene trap activations can be
derived from the ratio of the number of neomycin resistant colonies from a geo
gene trap to the number obtained when 3geo is driven by a promoter included
on the construct.
** The number in parentheses reflects the number of XGAL positive colonies
over the total number of colonies visible by eye after XGAL staining, which is
usually less than the number of colonies visible after crystal violet staining
*** Results of calcium phosphate transfection are the sum of two independent
experiments
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for XGAL staining, both when the introduced 3geo gene is in a trap construct
and when driven by the strong promoter. In fish cells, a high percentage of
neomycin resistant colonies derived from the EFgeo construct are also XGAL
positive. Interestingly, although the fgeo gene trap constructs confer neomycin
resistance to PAC2 cells at a frequency similar to that observed in 3T3 cells,
none of the PAC2 colonies which are neomycin resistant stain positive for 3-
galactosidase activity.
When the P3geo trap constructs are introduced into PAC2 and 3T3 cells
via calcium phosphate precipitation, the number of fish and mouse cells which
are neomycin resistant is also similar, indicating a similar ability to activate the
Pgeo reporter gene. Use of the pWgeo(ATG) construct results in a higher
frequency of neomycin resistant colonies than with the pWgeo trap construct,
indicating that the presence of the ATG in the pWgeo(ATG) construct increases
the frequency of reporter gene activations. The exact frequencies of activations
using the Pgeo trap constructs cannot be deduced from this experiment, as a
control for transfection efficiency between the two cell lines was not included.
When the 3T3 neo resistant cells are examined for f3-galactosidase activity, a
high percentage of them are positive, as in the electroporation experiment;
however, again the PAC2 cells, though neomycin resistant, are not positive by
the XGAL test.
In an effort to explain the low frequency of XGAL positive colonies as a
result of gene trap activations, an SV40 nuclear localization signal was
introduced into the lacZ region of the pWLN(ATG) gene trap construct. This
signal directs the protein to the nucleus, which could potentially increase the
local concentration of the protein, and therefore increase the ability to detect P-
galactosidase activity. Introduction of this gene trap construct, pNWLN(ATG)
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(Figure 16), into fish and mouse cells resulted in approximately equivalent
numbers of XGAL positive colonies, 1 in 83 in 3T3 cells and 1 in 75 in PAC2
cells (Table 12:). The majority of XGAL positive cells of each cell type showed
staining primarily in the nucleus, suggesting that the nuclear localization signal
was acting in both fish and mouse cells to direct the protein to the nucleus.
Figure 17 shows one such XGAL-positive PAC2 clone transfected with the
pNWLN(ATG) construct. The nuclear translocation signal thus resulted in an
increased ability to detect gene trap activations in cultured zebrafish cells.
Examination of Trap Clones by Southern and Northern Analysis
Several of the PAC2 colonies which had been electroporated with the
neo trap constructs were expanded for Southern and Northern analysis in order
'to analyze the state of gene trap constructs. Genomic DNA was isolated from
clones electroporated with either the pWN or the pSAneo construct and
analyzed on a Southern blot using a probe derived from the neo gene (Figure
18). The genomic DNA was digested with the restriction enzyme used to
prepare the traps for transfection: Hindill for the pWN trap clones and Dral for
pSAneo clones. In a simple integration, the restriction sites on the ends of the
DNA would most likely be destroyed; thus Southern analysis using these
digests would indicate the maximum number of independent plasmid
iintegrants. If concatemers of the plasmid were formed prior to integration, the
restriction sites may be maintained, and the number of integration events would
Ibe overestimated. It is apparent that several of the seven clones examined
appeared to harbor more than one copy of the plasmid in the genome,
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Table 12. Calcium Phosphate Transfection into Zebrafish and Mouse Cells of a
LacZ Gene Trap Containing a Nuclear Localization Signal
#XGAL %Nuclear
Cell Lne #neor* pe XGAneor ** Localized***Construct
pNWLN(ATG) 3T3
PAC2
4729
373
57
5
1/83
1/75
89
100
* The results shown are the sum of two independent experiments
** The ratio of the number of XGAL positive colonies to the number of neo
resistant colonies is shown
*** The percent of XGAL positive colonies which showed staining primarily in
the nucleus is indicated
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Figure 17. PAC2 Cells Transfected with a Gene Trap Construct Containing a
Nuclear Translocation Signal
Shown is a PAC2 clone transfected with the pNWLN(ATG) construct.
After staining for XGAL activity, a subset of the cells in the clone show staining
in the nucleus.
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Figure 18. Southern Analysis of PAC2 Clones Electroporated with Neo Gene
Trap Constructs
Genomic DNA was isolated from clones of PAC2 cells which had been
rendered neomycin resistant following electroporation with the pWN or pSAneo
gene trap constructs. The DNA was digested with Hindill (lanes 1-4) or Dral
(lanes 5-9) and hybridized to a probe derived from the neomycin resistance
gene. Lane 1: clone pWN.26, lane 2: pWN.28, lane 3: pWN.40, lane 4: 20 pg of
the pWN plasmid added to PAC2 genomic DNA, lane 5: pSAneo.46, lane 6:
pSAneo.48, lane 7: pSAneo.50, lane 8: pSAneo.51, lane 9: 25 pg of the
pSAneo plasmid added to PAC2 genomic DNA.
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'demonstrated not only by the multiple bands present in a several clones (Figure
18; lanes 1, 5, and 8), but also by the greater intensity of the bands in several of
the clones when compared with that of the plasmid run in a an adjacent lane at
approximately one copy per genome (lanes 1, 5 and 7). However, none of the
clones examined appears to harbor more than six or seven copies of the
plasmid. All but one of the bands in the pWN.26 clone are different in size from
that of the plasmid alone, suggesting DNA introduced into zebrafish cells by
electroporation does not generally form concatemers in such a way as to
maintain the restriction sites at the ends of the DNA.
Northern blot analysis was performed on RNA extracted from neomycin
resistant clones derived from both the pWN and pSAneo gene trap constructs
and probed with sequences from the neomycin gene (Figure 19). The sizes of
the transcripts detected is different in all clones analyzed, although in most
clones a transcript between 1200 and 2000 bases is observed. As the
transcribed region of the neo trap constructs is predicted to be approximately
1 100 bases, the fusion transcripts detected in the clones frequently contain less
than 1000 bases of upstream sequences. That all clones exhibit different sizes
of transcripts suggests that the start of transcription most likely lies outside of the
gene trap construct. Additionally, in some clones, multiple transcripts are
present. One possible cause is multiple trap events in the same cell. However,
this is unlikely, as one might expect that 40 or so independent integrations
would be required in order to obtain two trap events in the same cell, and
Southern analysis has demonstrated that most clones contain a small number
of copies of the plasmid. Alternatively, the multiple transcripts could result from
occasional nonuse of the polyadenylation signal in the trap construct. A longer
transcript would then result and could utilize the polyadenylation signal in the
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Figure 19. Northern analysis of PAC2 Clones Electroporated with the Neo
Gene Trap Constructs
10 Ctg of total RNA isolated from several neomycin resistant PAC2 clones
was subjected to Northern analysis and hybridized to a probe from the neo
gene. Lane 1: 3T3 RNA, lane 2: clone pWN.26, lane 3: pWN.28, lane 4:
pWN.36, lane 5: pWN.40, lane 6: pSAneo.46, lane 7: pSAneo.48, lane 8:
pSAneo.51. The positions of the mouse 28S and 18S ribosomal RNA bands
are indicated. The sizes are 4712 and 1869 nt, respectively.
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endogenous gene or in a downstream trap construct, in the case of multiple
plasmids arranged as concatamers at a single site. Additionally, the multiple
transcripts could result from alternative splicing events, from several upstream
splice donors of the endogenous gene to the splice acceptor of the trap
construct. Clone pWN.26 harbors several copies of the trap construct, and in
addition exhibits multiple transcripts on a Northern blot. Thus, readthrough
transcription to a downstream trap construct could be the cause of the multiple
transcripts in this clone. In constrast, clone pSAneo.48 contains just a single
copy of the plasmid, although this clone expresses transcripts of several sizes
which contain neomycin sequences, indicating that in this clone, the multiple
transcripts may arise from alternative processing of one RNA species.
Cloning of Fusion Transcript by 5' RACE
In order to demonstrate that the neo traps conferred resistance to G418 in
zebrafish cells by trapping genes normally expressed in cultured cells, the
fusion transcript of one of the neo trap clones was isolated using the 5' RACE
procedure (Frohman, et. al., 1988). Because PCR amplification is involved in
this procedure, a small product is optimal, thus a trap clone was selected which
contained a transcript only slightly larger than the predicted transcribed
sequences of the neo trap construct. A schematic diagram of the cloning
procedure is shown in Figure 20a. Briefly, the first strand of cDNA synthesis
was carried out on RNA from the pSAneo.48 clone using a primer in the neo
sequences of the trap, PC70, to extend 5' of the transcribed sequences present
iin the trap construct. This single-stranded cDNA is then tailed with C's in order
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Figure 20. Cloning of a Fusion Transcript by 5' RACE from one PAC2 clone
Electroporated with a Neo Gene Trap Construct
(a) The general scheme for cloning the fusion transcript is shown,
indicating the positions of the primers used for the cDNA synthesis, and the two
PCR reactions, each utilizing progressively nested primers specific to the
neomycin sequences of the construct. (b) Sequence of the final PCR product,
showing the locations of the UAP and PC72 PCR primers, with their respective
restriction sites indicated. The region at the 5' end of the PCR product,
downstream of the G tail added during cloning (double underline), contains 79
bp of novel sequences, and is followed immediately by the adenovirus splice
acceptor. The Cla site lies approximately 20 bp upstream of the ATG present in
the neomycin gene (underlined). The region of the novel sequences present in
the 48RACEA RNase protection probe is indicated by .
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to anneal to a G-tailed primer. A subsequent PCR reaction using the G-tailed
primer and a primer internal to PC70, PC71, yielded a band of approximately
400 bp, which was expected to contain a significant amount of trap construct
sequences. A second PCR reaction using a nested primer, PC72, reduced the
size of the product by the anticipated 150 bp. This PCR product was then
subcloned and sequenced. The sequence, shown in Figure 20b, shows the G
tail (double underline) added during the RACE procedure, immediately followed
by 79 bp of novel sequence. Just downstream lies the splice acceptor of
pSAneo, and the adenovirus exon sequences, followed by neomycin
sequences of the trap construct. This analysis demonstrates that in this
transcript derived from cells electroporated with a neo gene trap construct the
splice acceptor was utilized properly. As an ATG is not present in the 79bp of
upstream sequences, protein translation was presumably initiated using the
ATG of the trap construct.
In order to determine that the gene trap activations are a result of the
integration of the plasmid into genes normally expressed in cultured zebrafish
cells, it was necessary to demonstrate that the 79 bp of unknown sequences in
the RACE product is present in a transcript in cultured cells. This was
determined by an RNase protection assay (Figure 21). A probe containing just
52 bp of unique sequences from the RACE product (Figure 20b) is protected in
fish cells, but not in mouse cells. This 52 bp band represents the sequences
present at the 5' end of the fusion transcript in the pSAneo.48 clone, and is
therefore present in an expressed RNA in cultured fish cells. These data
demonstrate that genes normally expressed in cultured zebrafish cells can be
interrupted with the use of gene traps, and could potentially be a powerful
mutagenic tool.
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Figure 21. Confirmation that the 79 b of Novel Sequences Present at the 5'
end of the Fusion Transcript is Expressed in Untransfected PAC2 Cells
An RNase protection assay was performed by radiolabeling a probe
encompassing 52 bp of the novel upstream sequences present in the fusion
transcript of the pSAneo.48 clone. The probe was hybridized to 15 !ag of RNA
derived from yeast, mouse 3T3 cells, and three zebrafish cell lines: PAC2 cells,
and two neomycin resistant PAC2 clones derived from electroporation of neo
trap constructs. The 107 nt undigested probe containing polylinker sequences
is indicated by an arrow, as is the 52 nt protected fragment present only in fish
cells. Lane 1, PAC2 RNA, Lane 2, PAC2 clone pSAneo.48, Lane 3, PAC2
clone pSAneo.51, Lane 4, 3T3 RNA, Lane 5, Yeast RNA, Lane 6, undigested
probe.
165
123456
- 107 bp
4- 52 bp
166
Discussion
We have established cultured cell lines from zebrafish embryos, and we
have shown that one of these cell lines, PAC2, is highly clonable and highly
transfectable, making it attractive for a number of applications. In addition, the
cells grow well at 320C; the higher temperature increases the growth rate of the
cells to a 24 hour doubling time, which enables one to perform experiments in a
time frame similar to that of mammalian cells. The HetA cells, in contrast,
though exhibiting only a slightly slower growth rate than the PAC2 cells, are not
clonable. However, the use of a y-irradiated feeder layer of PAC2 cells assists
the formation of colonies in the HetA cell line, allowing experiments requiring
cell cloning to be executed in this cell line.
The rapid growth rate of these cell lines is one advantage that the PAC2
and HetA cells have over previously established cell lines. The ZF4 line,
recently characterized by Driever and Rangini, shows a much longer cell cycle,
approximately twice that of PAC2 cells (Driever and Rangini, 1993). Collodi, et.
al., have also reported establishing a number of cell lines from zebrafish, one
derived from blastula-stage embryos (ZEM), and several other lines from adult
tissues. All of these cell lines exhibit a doubling time of approximately 96 hours
(Collodi, et. al., 1992). The ZF4 cells are grown at 280 C, while the Collodi cell
lines are maintained at 260C, so it is possible that the growth rates of these cells
could be increased by increasing the temperature, as was true with the PAC2
cells.
One previously-described advantage of the ZF4 cell line was that these
cells could be grown in the absence of fish extracts (Driever and Rangini, 1993).
The ZEM and adult cell lines established by Collodi, et. al., rely on trout serum
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for growth (Collodi, et. al., 1992). In most labs, trout serum is not readily
available, thus one must rely on acquiring media supplements from outside of
the laboratory and risk the introduction of piscene diseases into the laboratory,
which is not ideal for those maintaining zebrafish colonies. In addition, the HetA
cell line requires zebrafish embryo extract for growth, exhibiting significant cell
death within a few days of being placed into media without the supplemental
embryo extract. This requirement necessitates the production of a large number
of zebrafish embryos in order to conduct cell culture experiments, which is
practical only for those conducting experiments near to a zebrafish lab.
Interestingly, although the PAC2 cell line was established in media containing
supplemental embryo extract, these cells do not require the extract for growth.
PAC2 cells do require embryo extract for efficient cloning, which is one of the
major advantages of this cell line, but the extract is not required for growth.
Thus, the amount of embryo extract needed for maintenance of the cell line is
reduced. Thus, as PAC2 cells can be grown without embryo extract, they can
be easily grown in any laboratory, while being maintained in media containing
only readily-available supplements.
The high cloning efficiency of the PAC2 cells reflects a significant
advance in the zebrafish field. None of the previously described cell lines have
been reported to have a high cloning efficiency, nor are the HetA cells clonable.
However, it was found that the PAC2 cells are not efficiently cloned when grown
in the absence of embryo extract. The addition of embryo extract to the media of
ZF4 cells did not improve the cloning efficiency of these cells, and even
appeared to be toxic to them (unpublished observations). Thus, the PAC2 cell
line is the only reported zebrafish cell line in which the cells can be efficiently
cloned.
168
Another interesting feature of the PAC2 cells is that their DNA content is
very similar to that of cells in the zebrafish embryo. This is very unusual, as
cells generally become aneuploid after prolonged growth in culture. We cannot
make a determination of whether the correct chromosomal complement is
present in these cells, but karyotype analysis on the PAC2 cell line might not be
completely revealing, as the 25 zebrafish chromosomes have not been
characterized and are all very similar in size (Endo and Ingalls, 1968). Our
analysis of the Het A cell line revealed most of the cells are not diploid. The ZF4
cell line, which has been karyotyped, contains approximately twice the diploid
number of chromosomes (Driever and Rangini, 1993). We have performed
FACS analysis on the ZF4 cell line, and in agreement with the karyotype results,
the DNA content of ZF4 cells is approximately twice that of either primary cells
or PAC2 cells (data not shown). The ZEM cell line has also been karyotyped
and was found to be approximately diploid.
An interesting correlation between the small number of zebrafish cell
lines thus far characterized is that the PAC2 cell line, the only one known to
exhibit a high cloning efficiency, is diploid. Neither the HetA cells, nor the ZF4
cells, both of which have abnormal chromosomal contents, are capable of
efficient cloning. The plating efficiency of the ZEM cell line has not been
reported.
As the PAC2 cells were found to be highly transfectable, we were able to
undertake experiments employing gene trap constructs to detect rare trap
events in order to ascertain the relative frequency of gene trap activations in
mouse and fish cells. The introduction of lacZ trap constructs into both mouse
and fish cells resulted in very similar efficiencies of DNA uptake (and
presumably integration), but the frequency of gene trap activations in PAC2
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cells, assayed by XGAL staining for P-galactosidase activity, appeared to be
very low. The use of an alternative reporter gene, conferring neomycin
resistance, resulted in approximately equivalent frequencies of trap activations
in the two cell types. We have shown molecularly that in the one case where
the fusion transcript was cloned from one of the neo trap clones, the 5' region of
the transcript contained sequences normally expressed in cultured zebrafish
cells, thereby demonstrating that the neomycin resistance is a result of the gene
trap constructs integrating into active zebrafish genes. Thus, it appears as if the
probability of random DNA inserting into an expressed gene is very similar in
cultured mouse and fish cells.
Our results using the neo gene trap constructs demonstrating that
cultured mouse and fish cells are able to activate reporter genes with similar
efficiencies allowed us to compare the relative densities of expressed genes in
the two cell lines. These data suggest that the probability of DNA integrating
randomly into an expressed gene is equally likely in the mouse and the fish.
Thus, if one makes the assumption that the integration of foreign DNA occurs
randomly into the genome, then the conclusion can be made that the mouse
and the fish genomes contain similar proportions of active and inactive regions
of DNA.
This work was begun in an effort to determine whether random DNA
integrations could insert into genes expressed in the zebrafish and potentially
inactivate them. Approximately 35-40 transgenic zebrafish lines have been
bred to homozygosity, and no mutations have been recovered (Chapter 3 and
M. Westerfield, personal communication). It has been shown that random DNA
integrations generated by microinjection of the mouse embryo result in a high
frequency of mutant phenotypes in the homozygous state; approximately 10%
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of transgenic mice display a discernible phenotype in the homozygous state
(Palmiter and Brinster, 1986, Gridley, et. al., 1987, Meisler, 1992). The
introduction of gene trap constructs into mouse ES cells has allowed for the
preselection of insertions into active genes, and has consequently increased
the frequency of mutant phenotypes; 41% (11/27) of preselected insertions
result in a mutant phenotype in the homozygous state (Friedrich and Soriano,
1991, Skarnes, et. al., 1992). Thus it was of interest to us to determine whether
the zebrafish genome is as highly mutable as the mouse by the random
insertion of DNA in the genome. We have determined in our analysis of gene
trap constructs introduced into cultured cells that the mouse and the fish
genomes are able to activate the neomycin reporter gene with similar
efficiencies, suggesting that the two cell types integrate exogenous DNA into
expressed genes with equal efficiencies. Given that essential genes in the
zebrafish are subject to mutagenesis by chemicals (with potentially a similar
number of essential genes as in the mouse, Chapter 3), our results suggest that
the insertion of exogenous DNA into the zebrafish genome has the potential to
be mutagenic.
We have shown with the neo gene traps constructs that integrations into
expressed genes occur with approximately equal frequency in the mouse and
the fish, thus the low frequency of XGAL positive colonies with the lacZ gene
traps cannot be due to the lack of integration of the trap constructs into the
zebrafish genome. It is possible that lacZ is not a reliable reporter gene in
zebrafish cells. The use of the 3geo reporter gene in gene trap constructs
supports this explanation. While neomycin resistance was achieved in fish cells
as a result of pgeo trap activations at a frequency similar to that observed in the
mouse, none of the zebrafish neomycin resistant colonies were XGAL positive.
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Thus, the Igeo protein was expressed and was stable, as indicated by the
neomycin resistance, but 0-galactosidase activity could not be detected.
A difference in the sensitivities of the XGAL test and cellular resistance to
neomycin could provide an explanation for the anomalous result of the
transfection experiments using the O3geo gene traps. While neomycin
resistance can be conferred with just a few molecules of the protein, 3-
galactosidase activity requires the formation of a tetramer and must generate
enough product to be visible. Thus, a much higher concentration of 3-
galactosidase protein is required for detection in an XGAL assay than is
required for neomycin resistance. This explanation was tested with the use of a
gene trap construct which contained a nuclear localization signal in the lacZ
reporter gene. The introduction of this construct resulted in approximately
equivalent frequencies of XGAL positive clones in both mouse and fish cells,
suggesting that by directing the protein product to the nucleus, -galactosidase
activity could be efficiently attained in zebrafish cells. This increase in the ability
to detect f-galactosidase activity could be a result of an increase in the
concentration of the protein in the nucleus, allowing active tetramers to form.
Perhaps by increasing the local concentration of the protein, a level is
maintained which can compete with the rate of protein degradation.
Alternatively, by directing the protein to the nucleus, degradation of the protein
by a cytoplasmic protease may be avoided.
1-galactosidase activity can also be attained when driven by a very
strong promoter, the Xenopus elongation factor 1-a. When the EFgeo construct
is introduced into zebrafish cells, a much higher percentage of neomycin
resistant genes are XGAL positive than when the Ageo gene is in a trap
construct. This result suggests that the vast majority of zebrafish promoters are
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not as strong as the Xenopus EF1-a promoter, assuming that the cells integrate
just a few copies of the plasmid after electroporation, as was observed with the
neo trap clones. We are currently examining clones which are neomycin
resistant as a result of Pgeo expression to determine if there is a correlation
between the level of 3geo RNA and protein and whether the clone is XGAL
positive. If this is the case, it would support the result from the nuclear
localization data, suggesting that a particular dynamic protein concentration
must be achieved in fish cells to attain sufficient P-galactosidase activity for
detection by the XGAL assay.
The requirement for a high level of expression of lacZ to attain P-
galactosidase activity in zebrafish cells leads one to wonder why fish cells are
more sensitive to the level of expression than mouse cells are. One possibility
iis that mouse cells in general express their RNAs more strongly than zebrafish
cells. This does not appear to be the case, as a number of mouse and zebrafish
neo trap colonies analyzed by Northern analysis indicated that the levels of
RNA expression were not drastically different between the two cell lines
,(unpublished observations). However, it may be that the efficiency of translation
or protein stability may be different in the two cell lines. It would be of great
interest to assay the lacZ protein level in clones of mouse and fish cells derived
from geo gene trap constructs to determine whether there is a difference in the
two cells, perhaps reflecting either protein stability or efficiency of translation.
The low efficiency of lacZ expression in PAC2 cells was confirmed in
other zebrafish cell lines. LacZ gene trap constructs were introduced into the
;ZF4 and the HetA cell line, and both cell lines exhibited a very low frequency of
lacZ activation (unpublished observations). Our results suggesting that lacZ is
not a reliable reporter gene in cultured zebrafish cells agrees with previous
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results obtained using lacZ in vivo. Transgenic fish generated with lacZ
expression plasmids frequently do not express lacZ after it is passed through
the germline, although in most transgenic lines examined, even lacZ RNA is not
detectable (Chapter 2). The exception to this is in the transgenic fish generated
by Lin, et. al., in which the lacZ gene was driven by the Xenopus EF1-a
promoter. In these fish, 4/5 DNA-positive fish were also XGAL positive (Lin, et.
al., 1994b). Thus, a very strong promoter may also be required to maintain lacZ
expression in vivo at a level sufficient for detection by XGAL staining. It is
apparent that the lacZ gene requires either a very strong promoter or the
addition of a nuclear localization signal in order to be useful as a reporter in
zebrafish. The development of an alternative reporter with less stringent
requirements in the zebrafish will be extremely useful both in cell culture and in
the embryo.
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General Discussion
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In our studies we have demonstrated that it is possible to generate
transgenic zebrafish efficiently. While transgenic technology has been utilized
to analyze the expression of genes introduced into medaka and zebrafish
embryos (Ozato, et. al., 1986, Westerfield, et. al., 1992, Winckler, et. al., 1992),
our interest for generating transgenic zebrafish is to employ this method as an
approach to insertional mutagenesis. Our initial goal was to generate germline
transgenic zebrafish at a high frequency, as that is the first requirement for
efficient mutagenesis. On average, 17% of fish injected with the pRSV-3gal
plasmid carried the transgenic sequences in their germline. In addition, three of
14 transgenic fish carried multiple independent integrations in their germlines.
Multiple integrations have been observed only rarely in the transgenic mice
generated by microinjection of plasmid DNA. One explanation is that the
number of copies of plasmid DNA microinjected into the zebrafish embryo, 104-
107 molecules (Stuart, et. al., 1988), is much larger than that injected into the
mouse, approximately 102-103 molecules (Costantini and Lacy, 1981, Palmiter,
et. al., 1982, Brinster, et. al., 1985). Thus, if fewer plasmid molecules are
present, the probability of incorporation of the plasmid DNA at a random break
in the chromosome may also be lower. Alternatively, the low frequency of
multiple insertions in the mouse may be a result of the cell cycle length in the
embryo. The first cleavage in the mouse embryo doesn't occur until 24 hours
after fertilization, while the early cleavages in the zebrafish occur very rapidly,
the first occurring just 40 minutes after fertilization. The continued DNA
replication in the zebrafish embryo may result in a greater probability of random
breaks in the chromosomes, thought to be the rate-limiting step in integrating
exogenous DNA (Brinster, et. al., 1985), thus allowing for multiple integrations
of the plasmid DNA into the zebrafish genome. All of the transgenic founder fish
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were mosaic. The rapid cleavages in the early zebrafish embryo are most likely
the explanation for the high degree of mosaicism in the zebrafish, as the the first
cleavage occurs just 40 minutes after fertilization of the zebrafish embryo. Thus,
integrations occurring during later stages would result in mosaicism of the
embryo and the germline.
Infection of cleavage-stage mouse embryos or activation of endogenous
proviruses frequently results in a high degree of mosaicism in the adult as well
as multiple germline integrants (Spence, et. al., 1989, Weiher, et. al., 1990,
lannaccone, et. al., 1992). While plasmid DNA is injected into the pronucleus of
the mouse embryo allowing almost immediate integration of the foreign
sequences, retroviruses must produce the proviral genome after infection and
prior to integration. This process occurs with some delay, resulting in the high
mosaicism in the animal. In addition, multiple viral particles can infect a single
cell, allowing for the segregation of the particles during cleavage stages and
thus multiple integrations in a single animal and within the germline. The same
appears to be true with injections of zebrafish embryos with plasmid DNA. As
the early cleavages occur rapidly, the plasmid DNA may be differentially
segregated to the daughter cells to result in mosaic animals carrying multiple
integrations.
In an effort to screen for mutants caused by the random integration of
exogenous DNA into the zebrafish genome, we bred our transgenic zebrafish
lines to homozygosity. None of our nineteen transgenic lines, nor
approximately 15-20 additional transgenic lines screened by other zebrafish
labs, has exhibited an abnormal phenotype (unpublished observations and M.
Westerfield, personal communication). Our analysis has demonstrated that the
transgenes were integrated and that they have the potential to integrate into
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single-copy sequences and into expressed genes. Interestingly, in the one
transgenic line examined more closely, the integration of the plasmid resulted in
a very neat insertion without disruption to the host chromosome. In contrast, the
sites of random DNA integrations in the mouse often accompany chromosomal
rearrangements (Covarrubias, et. al., 1986, Mahon, 1988, Wilkie, et. al., 1991,
Francke, 1992, Mark, et. al., 1992, Ratty, et. al., 1992). If the insertion of foreign
DNA generally results in neat insertions in the zebrafish, it would facilitate the
identification of genes disrupted by plasmid DNA integration. However, if
insertions are generally nondisruptive in the zebrafish, it may contribute to the
low frequency of mutagenesis by random DNA integration. In the mouse,
approximately 10% of all transgene integrations results in a mutant phenotype.
Clearly, the integration sites of additional transgenic zebrafish will need to be
examined before we can determine whether the insertion of exogenous DNA in
the zebrafish genome is generally nondisruptive or whether it can result in
chromosomal rearrangments.
As insertions of exogenous DNA into the zebrafish genome have thus far
not yielded any mutant phenotypes, we attempted to determine at what
frequency or even whether random DNA insertions could be mutagenic in the
zebrafish by utilizing gene traps in cultured zebrafish cells. Our analysis
utilizing neomycin gene trap constructs suggests that the promoterless reporter
genes are activated in cultured zebrafish cells, PAC2 cells, at a frequency
similar to that observed in cultured mouse cells, 3T3 cells. The fusion transcript
was cloned from one neo trap clone, and we demonstrated that the expression
of the neo reporter gene was a result of the integration of the plasmid into the
vicinity of an expressed gene. If we assume that the majority of the neo trap
activations we detected were a result of integrations into expressed genes, then
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the random integration of foreign DNA into expressed genes occurs at a
reasonable frequency in the zebrafish and thus has the potential to be
mutagenic.
Chemical mutagenesis screens in the zebrafish suggest that at least a
fraction of the expressed genes are essential for viability. Results from a pilot
saturation screen indicate that the zebrafish contains approximately 600 genes
which when mutated result in embryonic lethality (Mullins, et. al., 1994). This
estimate is similar to the number obtained in Drosophila, 1000 (Jurgens, et. al.,
1984, Nusslein-Volhard, et. al., 1984, Wieschaus, et. al., 1984). While
Drosophila contains approximately 5000 essential genes, the mouse has
approximately 5000-10,000 essential genes (Carter, 1957, Lyon, 1959,
Shedlovsky, et. al., 1986, Dove, 1987). Thus, if in all three organisms, the fly,
the zebrafish, and the mouse, approximately 1/5 of the essential genes are
required to complete embryogenesis, then the zebrafish and the mouse would
have similar numbers of essential genes. The genome of the zebrafish is
approximately 1.6 x 109 bp, not much smaller than the genome size of the
mouse, indicating that the target for mutagenesis in the two organisms is similar.
Because the mouse and zebrafish cells are able to activate neo gene trap
constructs with similar efficiencies, they contain similar densities of expressed
genes. The mutagenesis data further suggests that the two organisms may
have similar densities of essential genes, supporting the conclusion that
random DNA insertions in the zebrafish genome have the potential to inactivate
genes essential for viability. Consequently, there is no current explanation for
the low frequency of mutagenesis in the zebrafish by random DNA integrations.
The only explanation we have as yet for the difference in the frequencies
of mutagenesis by random DNA integration in the mouse and the zebrafish is
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the effect on the genome upon DNA insertion in the two organisms. It will be of
great interest to determine whether the mouse and the fish embryo have
different mechanisms of DNA integration, perhaps a result of the differences in
the lengths of the cell cycle in the early embryo, by examining the sites of
integration of additional transgenic zebrafish lines. Alternatively, any
differences observed could be a result in the different methods of injecting
foreign DNA into the mouse and zebrafish embryos. Of extreme importance to
this question is whether transgenes in zebrafish which cause visible mutations
accompany chromosomal rearrangements as seen in the mouse. This, of
course, cannot be determined until a mutation is identified.
Of current interest to the zebrafish field is the frequency of mutagenesis
by random DNA integration. Additionally, it will be extremely informative to
detemine the frequency of mutagenesis in zebrafish by retroviral integration, as
presumably retroviruses should integrate with similar mechanisms in the mouse
and fish genomes. Thus, the frequency of mutagenesis by viral integration will
allow for an alternative comparison of the densities of essential genes in the
mouse and zebrafish genomes. With the advent of the VSV-pseudotyped virus,
which can infect both cultured zebrafish cells and embryos (Burns, et. al., 1993,
Lin, et. al., 1994a), this issue will soon be addressed.
In order to determine the frequency of mutagenesis as well as to perform
a large-scale mutagenesis screen to identify mutations in a particular process, a
large number of transgenic zebrafish will need to be generated, identified, and
bred to homozygosity. Given the high degree of mosaicism in transgenic
zebrafish, transgenic offspring often comprise a very small fraction of the F1
family. Thus, DNA testing, which is labor-intensive, would need to be replaced
by a more efficient method for identifying transgenic fish. One alternative to
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DNA testing is to identify transgenic zebrafish by the expression of a transgene.
A number of reporter genes have the potential for detection of the protein in the
live animal, which would be optimal. However, it would be of interest to
investigate a wide variety of reporter genes.
LacZ, which has been used as a transgene in a wide variety of
organisms, is not detected efficiently in zebrafish. It is apparent that the
detection of lacZ expression by XGAL staining in cultured cells requires the use
of a strong promoter, such as the Xenopus elongation factor 1 -a, or the use of a
nuclear localization signal in the lacZ coding region to concentrate the product.
The use of the EF1-a promoter to drive lacZ expression in vivo does increase
the frequency of XGAL-positive offspring of transgenic fish, though expression is
frequently temporally and spatially restricted (Lin, et. al., 1994b). Thus, the use
of the live stain, FDG (fluorescein-di-3-D-galactopyranoside), to assay lacZ
expression can be utilized in only a subset of the transgenic lines which are
DNA positive. However, if the efficiency of identifying transgenic fish were
increased substantially with the use of FDG, the transgenic fish which
expressed lacZ at a level insufficient for detection with FDG could be discarded.
The use of gene trap constructs in vivo would be an additional means of
increasing the frequency of mutagenesis. However, we have shown that lacZ
gene trap constructs are not efficiently expressed in cultured cells. Currently, as
no germline transgenic fish have been generated which carry a lacZ gene trap
construct, it is not known whether lacZ expression from gene trap constructs in
vivo could be efficiently detected. Gene trap constructs have been introduced
into zebrafish embryos, after which they were stained with XGAL. In many
embryos, XGAL-positive cells were detected, but at this time it has not been
verified that the XGAL-positive cells observed are the result of gene trap
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activations (N. Gaiano and S. Lin, unpublished observations). However, it
could potentially be a useful means of generating insertional mutants.
Alternative reporter genes include alcohol dehydrogenase (ADH),
alkaline phosphatase (ALP), luciferase, the jellyfish green fluorescent protein
(GFP), chloramphenicol acetyltranseferase (CAT), P-glucuronidase (GUS), and
tyrosinase genes. GUS has been extensively exploited in transgenic plants
(Jefferson, et. al., 1987), ALP has been utilized in mammalian cell culture (Lin
and Culp, 1991), and ADH has been useful in Drosophila (Goldberg, et. al.,
1983) and mammalian cell culture (Lin and Culp, 1991); however, attempts to
examine their utility in the zebrafish have not been reported. The firefly
luciferase protein has been shown to be expressed after microinjection of an
expression plasmid into medaka embryos, though it is not known whether
expression of the gene could be efficiently maintained after passage through
the germline (Sato, et. al., 1992). The tyrosinase gene in the mouse, mutated in
albino animals, has the potential to serve as a simple coat color marker for
transgenic animals (Overbeek, et. al., 1991, Matsumoto, et. al., 1992). However,
utilization of this marker in zebrafish would require the identification of a
tyrosinase-deficient zebrafish mutant. The CAT gene has been shown to be
expressed in zebrafish and medaka, and it has been shown that CAT activity
can be detected in the offspring of transgenic fish. This reporter gene, though
requiring an assay to detect its expression, is a potential candidate for a means
to identify transgenic fish. GFP also has the potential to serve as a marker of
transgenic zebrafish. It has recently been shown to express efficiently in
transgenic C. elegans and has the advantage of potentially expressing in all
cells without the requirement for a substrate (Chalfie, et. al., 1994). The utility of
GFP as a marker in zebrafish is currently being intensely explored.
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As with plasmid DNA introduced into the embryo, reporter genes can be
inserted into retroviral vectors, facilitating the identification of transgenic
animals. Gene trap viruses or DNA constructs can also be utilized to screen for
transgenic animals which express the activated reporter gene; this approach
could potentially increase the frequency of mutagenesis, as has been observed
in the mouse (Friedrich and Soriano, 1991, Reddy, et. al., 1992, Skarnes, et. al.,
1992, von Melchner, et. al., 1992). Embryos can be directly injected with
plasmid DNA or infected with retroviruses. Alternatively, cells in culture can be
infected or transfected then placed into genetically marked embryos to generate
chimeric zebrafish. Once the donor cells of the chimeric animals contribute to
the germline, the progeny can be easily identified by a pigment marker. The full
potential of this approach can only be realized if cells can contribute to the
germline after being maintained in culture for a long period of time. Currently, a
number of laboratories are working to develop a cultured cell line which can
contribute to the germline of the zebrafish. The ability to maintain pluripotent
cells in culture would facilitate manipulations of the zebrafish genome using
random insertional mutagenesis as well as targeted mutagenesis in zebrafish.
These technologies are essential in order to make the zebrafish as tractable to
genetic analysis as has been obtained in the mouse.
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